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Assembly in Dynamic Nanoscale Systems
Amy Tsui-Chi Lam
Biological systems are intricate self-assembled systems built from dynamic nanoscale
components. These nanoscale components are responsible for many tasks, from subcellular
(e.g. DNA replication, cytoplasmic streaming, intracellular transport) to organismal (e.g.
intercellular signalling, blood circulation). At each level, biological materials demonstrate
complex and dynamic behaviors which are still robust to many perturbations, requiring a
balance of dynamism and stability. Being able to emulate biology by dynamically assembling
complex systems and structures from nanoscale building blocks would greatly expand the
types of materials and structures available, possibly leading to better smart, adaptive, self-
healing materials in engineering.
The overarching goal of this dissertation is to further the understanding of assembly
in dynamic nanoscale systems. To this end, in vitro assays of kinesin motor proteins and
microtubule cytoskeletal filaments are employed, providing a well-tested, minimalist, and
convenient model system. In these assays, the kinesin motors are attached to the surface of
the flow cell and the microtubule filaments are propelled over them.
As the majority of past studies in active self-assembly of microtubules have been per-
formed with biotin-labeled microtubules with streptavidin as a cross-linker (a “sticky” gliding
assay), the first three parts of this dissertation focus on that system. In the first part, the ad-
sorption kinetics of the streptavidin cross-linker onto the microtubule, which determines the
interaction strength between microubule building blocks, is studied. The adsorption curve
suggests that this is a negatively cooperative process, and here, the cause of the apparent
negative cooperativity in the adsorption process is elucidated as a combination of steric and
electrostatic interactions.
In the second part, the difference between kinesin-propelled assembly and diffusion-driven
assembly is investigated. While the kinesin-propelled microtubule assay has been used for
over a decade, a control experiment comparing the active motor-driven system to a pas-
sive diffusion-driven system had never been performed. The control experiments showed
conclusively that the passive system resulted in smaller and more disordered structures.
Furthermore, these results fit well with existing models.
The third part investigates the origins of microtubule spools observed in kinesin-propelled
microtubule gliding assays, where the microtubules are allowed to cross-link via streptavidin
and biotin. These microtubule spools have long been considered an example of a non-
equilibrium structure which arises in motor-driven assembly. These spools exist in a dynamic
state, having been observed to unwind in previous studies, and store large amounts of bending
energy. Determining the origins of these spools is a first step towards understanding how to
induce dynamically stable states.
Finally, in the last part, a new dynamic system is engineered in which the microtubule
assembles its own kinesin track as it moves along the surface while kinesin tracks which are
not being used spontaneously disassemble. Thus, this system is stable enough to promote the
motion of microtubules over the surface, but dynamic enough to allow for components to be
recycled and assembled as needed. While such systems have been realized with mesoscopic
to macroscopic components, such a system had not been realized in the nanoscale. As such,
the realization of this system is the first step towards designing biomimetic active materials.
Throughout this dissertation, the importance of short-range interactions on assembly
kinetics is highlighted. The findings presented not only further the understanding and theory
behind self-assembly in active nanoscale systems, but also further push the boundaries of
experimentally realized systems.
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Biological materials derive many of their desirable properties such as adaptation and healing
from the dynamic nature of their nanoscale building blocks and the interactions between
them. The creation of materials and systems which display the same degree of robustness
is one of the major challenges in engineering. Self-assembly is one promising avenue of
achieving these systems — since all biological structures and materials are themselves self-
assembled, if we were able to harness self-assembly processes, we may also be able to create
more complex artificial structures [1, 2]. However, though many chemical processes have been
developed to allow increasingly complex molecules to be self-assembled, further assembly of
these molecules into complex systems has not been realized.
This, in large part, is due to the fact that biological materials and systems are not
at equilibrium, and our ability to create and maintain non-equilibrium assemblies is still
quite rudimentary. In particular, the individual components which assemble or organize in
biological systems are often propelled by or are themselves independent, active agents rather
than being passive elements being jostled around in a thermal bath, as in a chemical reaction.
The field of active matter, i.e. the study of self-propelled particles, is largely concerned with
understanding how these propelled particles, which are usually only capable of short-range
interactions, are nevertheless able to form complex patterns and achieve synchronization
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[3, 4, 5, 6, 7, 8]. Being able to understand and mimic how these material and systems self-
organize and assemble would allow us to greatly expand the repertoire of synthetic systems
[9, 10, 11, 12, 13, 14].
To study the dynamics and properties of active matter, many groups have employed
molecular motors and their associated cytoskeletal filaments as model systems [15, 16, 17, 18].
Such model systems are useful due to the simplicity of the components, the well-defined
interactions between those components, and the scope of functions they are able to perform.
For example, they can form active polar gels, which are responsible for motility both at the
cellular level through dynamic reorganization [19] and organismal level through motor-based
contraction; furthermore, molecular motors and filaments also enable the dynamic control of
blood flow in the cardiovascular system and the migration of cells during embryogenesis and
cancer metastasis [20, 21, 22]. Interactions between these components have been extensively
modeled using hydrodynamics, and it has been shown that component interactions in the
form of force-generation and long-scale organization are intimately related [23, 24, 25, 26].
Biomolecular motors distinguish themselves by their high efficiency of energy transduc-
tion. While stimuli-responsive polymers, such as polyNIPAAM, have energy conversion
efficiencies on the order of 10−7 [27], biomolecular motors, such as the motor proteins ki-
nesin and myosin, can convert more than 40% of the free energy change in the hydrolysis
of an ATP molecule into mechanical work. In vivo, they are capable of undergoing at least
100,000 chemomechanical cycles before needing to be replaced. Neither their efficiency nor
their durability is matched by current synthetic molecular motors. In combination with their
associated cytoskeletal fibers (actin filaments for motors of the myosin family, microtubules
for the motors of the kinesin and dynein families (Fig. 1.1)), biomolecular motors can be
employed in vitro as components of a variety of devices and materials.
In in vitro systems, motor proteins (e.g. kinesin motors) are commonly attached to a
surface and used to propel filaments (e.g. microtubules) which may act as molecular shuttles,
components in self-assembly, and/or components in active matter [5, 29, 30, 31, 32]. Because
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Figure 1.1: Kinesin-1 and dynein move in opposite directions along microtubules. In muscle,
myosin-II motors organize into thick filaments and pull on actin filaments during contraction.
Adapted from [28].
the filaments can be functionalized with cross-linkers and other nanoparticles, filament-
filament and filament-environment interactions can be altered. The filaments can also be
guided by surface features such as channels and posts [15, 33, 34, 35]. The many variations
available recommend systems of motor-propelled filaments for studies in active matter and
non-equilibrium systems (Fig. 1.2).
Figure 1.2: Antibody-functionalized microtubules propelled by surface-adhered kinesin mo-
tors can capture analytes and a second antibody [31]. Microfabricated, open channels can
guide the movement of gliding microtubules [35, 36].
All work done for this thesis has been done with the microtubule-kinesin system.
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1.1 The microtubule and the kinesin motor protein
The microtubule is one of the main components of the cytoskeleton (the other being the actin
filament), providing both mechanical support as well as serving as a highway along which
motor proteins transport vesicles and organelles around the cell [37]. The basic building
blocks of microtubules are the αβ-tubulin heterodimers. Each tubulin dimer is about 8
nm in length (4 nm for the α-tubulin monomer and 4 nm for the β-tubulin monomer)
and 4 nm in diameter. The heterodimer does not separate into monomers unless under
harsh chemical treatment. The dimer join together end-to-end to form protofilaments of
alternating tubulin monomers (Fig. 1.3). These protofilaments associate laterally to form
a hollow cylinder called the microtubule. In vivo, typically 13 protofilaments bind together
to form a microtubule, resulting in a 3-start helix with an outer diameter of 25 nm (Fig.
1.3). Note that because of the 3-start offset, the microtubule has a seam where α-tubulin
monomers must associate laterally with β-tubulin monomers; all other lateral interactions
are between matched tubulin monomers [37]. In vitro, depending on the polymerization
conditions, various distributions of protofilament numbers per microtubule can be achieved.
While microtubules with 13 protofilaments have no pitch, other protofilament numbers have
either positive or negative pitch. The flexural rigidity of the microtubule is approximately 2
× 10−23 N·m2 [38].
Each microtubule has a polarity with a plus and minus end. In vivo, microtubules
are dynamically assembled and disassembled, where assembly occurs faster at the plus end
and disassembly occurs faster at the minus end. However, in vitro assays typically include
the chemical paclitaxel to stabilize the length of the microtubule, to avoid confounding
microtubule movement with assembly and disassembly. The polarity of the microtubule is
still important though because the motor proteins typically are directed towards either the
plus- or minus-end.
In all the work presented in this thesis, the kinesin motor protein is used. Kinesin motors
serve diverse functions in cells ranging from vesicular transport (kinesin-I) to shortening mi-
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Figure 1.3: The microtubule is made of αβ-tubulin heterodimers which line up to form
protofilaments which the associate into a hollow tube. Kinesin-I motors are plus-end directed,
so in a gliding assay, microtubules are propelled minus-end forward. Adapted from [30].
crotubules (MCAK). In the experiments presented here, we use kinesin-I, which is a dimeric,
processive, plus-end directed motor, consisting of an N-terminal ATP-binding motor domain,
an α-helical stalk, and a C-terminal tail domain, which is involved in cargo binding. Each
step taken by the kinesin-I motor is 8 nm, equivalent to the length of one tubulin dimer.
Kinesin-I has a maximum speed of about 1.5 µm s−1 in vivo, but the maximum microtubule
gliding speed in in vitro assays is about 800 nm s−1. The speed at which the kinesin motors
propel the microtubules is dependent on the concentration of ATP. It typically takes about
100 steps before dissociating from the microtubule. This run length is not dependent on the
ATP concentration, but it does depend on buffer conditions [39].
Together, the microtubule propelled on surface-adhered kinesin are a very simple and
robust assay useful for exploring the concepts of assembly of active matter at the nanoscale.
1.2 Organization of this thesis
This dissertation consists of four projects, which tackle different aspects of assembly of
dynamic nanoscale systems. The first three projects are studies which elucidate details
of assembly in a traditional gliding assay with biotinylated microtubules cross-linked with
streptavidin.
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The first of these three projects is described in Chapter 2, “Streptavidin Adsorption”.
In this project, the role of nanoscale architecture is studied in the adsorption kinetics of
the streptavidin cross-linker to the microtubule. Because the streptavidin coverage on the
microtubule is one way of changing the strength of interaction between microtubules in a
gliding assay, this work can be used in future as a reference for designing new experiments
involving biotinylated microtubules. It also elucidated the role of binding site geometry in
adsorption kinetics in general. This work resulted in one publication: [40].
The second project is described in Chapter 3, “Diffusive vs. Motor-Driven Assembly”.
This chapter details the first control experiment comparing a 2-D diffusion-driven assembly
process to the motor-driven assembly process. Here, it is definitively shown that assembly
resulting from diffusive transport results in smaller and more disordered structures over the
same timescales, and that having motors driving the assembly process does indeed change
the types of structures formed. This work was part of one publication: [41].
The third project is described in Chapter 4, “Origins of Microtubule Spooling”. Here, a
new method for creating stepwise gradients of motor proteins was developed, allowing us to
compare the results of assembly of different concentrations of motor proteins all within the
same flow cell. It was found that higher densities of motors resulted in a higher density and
lower circumference of the microtubule spools. This in turn supports the hypothesis that
spools are initiated by surface defects which pin one end of the microtubule in place. This
work resulted in one publication: [42].
The last project, described in Chapter 5, “Dynamic Kinesin Track”, modifies the gliding
assay so that instead of having a static kinesin population adsorbed to the surface, the kinesin
motors are instead dynamically assembled into tracks on the surface by the microtubule. This
system was designed to have only reversible interactions between components and shows that
it is possible to create structures stable enough to be capable of producing work even if the
individual interactions are weak. To our knowledge, this is the first time localized recruitment
and release of molecular scale components was incorporated into an experimentally realized
6
system. This work is in preparation for publication.





The microtubule-kinesin gliding assay has been used for over a decade to study active self-
assembly processes [16, 30, 43, 44, 45]. Here, we define active self-assembly to be distinct from
active self-organization: active self-assembly transforms energy only during the assembly
process, and the structures assembled are stable without a continuous supply of energy;
in contrast, active self-organization requires constant energy flow through the system to
maintain the structures formed. Self-assembly of non-equilibrium structures often requires
the use of crosslinkers, which hold the structure together even after the energy source has
been used up.
In the microtubule-kinesin system, streptavidin is often employed as the crosslinking
molecule. The microtubules are functionalized with biotin, and streptavidin, having four
biotin binding sites, is able to link the biotinylated microtubules together. The strength
of interaction between microtubules can therefore be tuned by changing the streptavidin
coverage. The strongest interaction between microtubules occurs near 50% coverage. At
that point, half of the biotin molecules on the microtubules are free to bind with an already
adsorbed streptavidin molecule on another microtubule, and thus the maximum number of
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linkages can occur.
In a typical assay, the streptavidin solution is incubated for 5-10 minutes before the ex-
cess streptavidin is washed out. Due to the diffusion constant of streptavidin (∼ 90 µm2/s),
it was assumed that for a flow cell approximately 100 µm high, streptavidin molecules would
be able to reach and bind to any available biotin on the surface of the microtubule. How-
ever, while studying the propulsion speed of streptavidin-laden microtubules, Korten and
Diez recorded the adsorption curve of the cargo streptavidin onto biotinylated microtubules
[46], and the curve was non-Langmuirian. In particular, the amount of streptavidin adsorbed
onto the surface of the microtubule was less than expected, implying that there was nega-
tive cooperativity between streptavidin molecules. This was unexpected, as the Langmuir
isotherm had been used previously to predict the degree of streptavidin coverage.
In following experiments performed by Yoli Jeune-Smith and Siheng He, the adsorption
curve of the streptavidin onto the microtubule after 10 minutes of incubation was verified
to be non-Langmuirian and negatively cooperative. Regardless of whether the microtubules
were moving or stationary, the results were the same [40]. The goal of this project was to
determine the causes for apparent negative cooperativity observed.
2.2 Geometry of the gliding assay
A physical explanation for the interaction energies involved in the adsorption process of
streptavidin must stem from our understanding of the geometry of the experimental system,
which will be elucidated in detail here. As explained in the introduction, microtubules are
hollow tubes typically polymerized in vitro with 12-15 protofilaments [47] which are long
chains of alternating α and β tubulin subunits. Both tubulin monomers have diameters of
approximately 4 nm and together form a tubulin heterodimer.
The biotin linkers are attached to the tubulin on lysine groups, nine of which are dis-
tributed on the outer surface of the tubulin heterodimer (Fig. 2.1). The nearest two lysine
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groups are spaced approximately 0.5 nm apart when tubulin dimers are arranged into a
microtubule. The biotin tubulin distributed by Cytoskeleton has an average of one biotin
functionalized lysine group per heterodimer. The average distance between neighboring bi-
otin binding sites is about 6 nm, but neighboring biotin molecules may be as close as 0.5
nm if the nearest two lysine groups are biotinylated, or farther than 12 nm (the maximal
distance between binding sites which allows interactions between adsorbate molecules) apart.
Figure 2.1: The tubulin heterodimer has approximately 9 lysine sites to which biotin can
attach distributed over the outer surface. From [40].
The biotin linkers used are a long-chain biotin derivative, biotin-XX (6-((6-((biotinoyl)amino)
hexanoyl)amino)hexanoic acid), and are approximately 1.7 nm long. Given that the linker
has a backbone made of single carbon-carbon bonds, the linker is considered to be flexible
and able to rotate freely. This allows the end-to-end distance to vary from 0 nm to its full
contour length.
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The fluorescently labeled streptavidin is approximately 4 nm in diameter. Streptavidin
has an isoelectric point of 5, whereas the experiments were run at pH 6.9. At this pH,
streptavidin carries a negative charge of approximately 3e−. The bond between streptavidin
and biotin is one of the strongest found in nature, with an extremely low dissocation constant
(Kd ≈ 10−14 M).
Microtubules are held approximately 17 nm above the surface by the kinesin motors, and
the average distance between motors in the experiments run by S. He and Y. Jeune-Smith
was approximately 100 nm. Thus, streptavidin can access all sides of the microtubule (Fig.
2.2).
Figure 2.2: In a gliding assay, microtubules are held approximately 17 nm above the surface
by kinesin motors. The motors are spaced on average about 100 nm apart from each other.
The presence of casein on the surface prevents the kinesin motors from binding along their
lengths to the surface, and also prevents the microtubules from adsorbing directly onto the
glass surface and binding due to nonspecific interactions. Adapted from [40].
2.3 Determining the cause of negative cooperativity
Originally, it was believed that the adsorption process had reached equilibrium based on
estimates of the diffusion constant of streptavidin. Because the biotin linker and strepta-
vidin molecule can only interact with molecules separated at most by 6 nm, and tubulin
heterodimers have a spacing of 8 nm, it was believed that steric hindrance was unlikely to be
the cause of the negative cooperativity. However, as the biotin sites are randomly attached
to the lysine sites on the tubulin dimer, there may be a higher degree of interaction than at
first believed.
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Furthermore, follow-up experiments performed by S. He showed that after 10 minutes of
incubation, the adsorption process had still not reached equilibrium, in spite of the relatively
high diffusion constant of streptavidin and the high on-rate of streptavidin onto biotin (Fig.
2.3). Thus, the interactions which affect the degree of streptavidin coverage were related
to the transition state rather than the adsorbed state. S. He found that the increase in
the activation energy of the streptavidin binding due to the presence of other streptavidin
molecules on the surface of the microtubule was about 8 kT.
Figure 2.3: Further experiments performed by S. He show that streptavidin adsorption onto
microtubules is still well in the kinetic regime after 10 minutes in spite of the diffusion
constant of streptavidin. Adapted from [40].
Because the structure and chemistry of the individual binding sites is independent of one
another, i.e. the adsorption of one streptavidin molecule to a biotin site does not influence
the binding chemistry of another streptavidin molecule to another biotin site, the increase in
the apparent activation energy must result from a reduction in the paths that streptavidin
molecules in solution can take to access the binding sites during the adsorption process
(Fig. 2.4). Here, it is shown that steric and electrostatic interactions between adsorbed and
adsorbing molecules are sufficient to explain the change in apparent activation energy.
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Figure 2.4: The adsorption of a streptavidin molecule onto a biotinylated microtubule is hin-
dered by the presence of already adsorbed streptavidin molecules. The previously adsorbed
molecules block paths for the adsorbing molecule to approach the biotin linker, i.e. there
are fewer positions available for the adsorbing streptavidin molecule to access the biotin
site. The occlusion may be due to both steric hindrance as well as electrostatic repulsion.
Adapted from [40].
The flexibility of the biotin linker allows bound streptavidin molecules to move around.
Thus a single streptavidin molecule is able to block off access to a larger area of the micro-
tubule surface than its size would suggest; because it is constantly moving due to thermal
motion, a bound streptavidin molecule will occlude access to an area on the microtubule
with a radius of about 6 nm, the combined length of the biotin linker and the streptavidin
molecule.
To determine the energetic cost of the occlusion, the change in the number of microstates
available for the transition state to be reached must be estimated. This number is related to
the number of positions from which the streptavidin molecules can bind to the biotin linker,
i.e. the area accessible by an adsorbing streptavidin molecule to reach a transition state.
The change in the accessible area in turn is related to the change in entropy:
∆S = −k ln Af
Atot
where k is the Boltzmann constant, Atot is the total area in which an adsorbate molecule
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could have attached to the biotin linker if there were no nearest neighbors present to prevent
the binding process, and Af is the area accessible to the adsorbing molecule after the nearest
neighbor sites are occupied. Multiplying by the temperature, an estimate for the entropic
contribution to the free energy of the transition state for subsequent adsorption events is
obtained:
∆E = −kT ln Af
Atot
(2.1)
The tubulin monomers on the microtubule are approximated as a 2-D square lattice,
with each tubulin having an area of 4 nm x 4 nm. For the purposes of obtaining a rough
estimate of the average area occluded per streptavidin adsorbed, biotin binding sites are
assumed to be located in the center of every other tubulin monomer, so that nearest neighbor
binding sites are on diagonal tubulin monomers. At 40% coverage, approximately 70% of the
positions available for the streptavidin to access the biotin linker are blocked, resulting in an
interaction energy of 1-2 kT; at 100% coverage, 99% of the locations are blocked, resulting
in an interaction energy of approximately 4-5 kT (Fig. 2.5).
This is still short of the 8 kT increase in activation energy reported by S. He. However,
this explanation does not take into account any electrostatic interactions. It was found that if
the electrostatically neutral variant of streptavidin, neutravidin, was used instead (isoelectric
point of 6.3), the activation energy dropped by about 3 kT to about 5 kT, matching very well
with the calculation. Furthermore, if a mix of biotinylated and non-biotinylated tubulin was
used for polymerization, mixed at a ratio of 40% biotin tubulin to 60% unlabeled tubulin,
the activation energy dropped even further to 2 kT, also matching the calculated value for
40% coverage.
The remaining 3 kT increase in activation energy of streptavidin must be explained
through electrostatic interactions. Because the system is surrounded by a buffer solution,
the electrostatic interactions are shielded. The degree of shielding affects the Debye length,
which is indicative of the distance at which electrostatic interactions are decreased by 1/e
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Figure 2.5: The number of positions from which a streptavidin molecule can bind to a biotin
linker is restricted by the presence of neighboring molecules. When the microtubule is only
40% biotinylated, there are on average only two nearest neighbor molecules, which restrict
the number of paths to the central binding site by about 70%. When the microtubule is
100% biotinylated, there are on average four nearest neighbors, restricting the number of
paths to the central binding site by about 99%. Adapted from [40].
due to the ions in the solution. The Debye length is calculated based on the composition of
the buffer solution:
50 mM EGTA (pKa 6.91)
28 mM NaOH
80 mM PIPES (pKa 6.76)
46 mM KOH
1 mM MgCl2
This results in a Debye length of approximately 1.5 nm, which is sufficiently long to affect the
adsorption of addition streptavidin onto the microtubule, especially since each streptavidin
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molecule carries multiple negative charges. Thus, the observed energetic cost of electrostatic
interactions (3 kT) is reasonable but cannot be predicted with sufficient accuracy due to
the limited applicability of Derjaguin and Landau, Verwey and Overbeek (DLVO) theory at
high ionic strengths [48].
Note that though the microtubule does carry a negative charge (charge density of approx-
imately 23e−/µm), the model used to determine the interaction energy splits the activation
energy into two portions: an intrinsic binding energy and an interaction energy. Electrostatic
interactions between the streptavidin molecules and the microtubule increase the intrinsic
binding energy, thus increasing the total activation energy, but do not contribute to the inter-
action energy since the interaction between the microtubule and the streptavidin molecules
is independent of coverage.
Finally, it is necessary to rule out the possibility of one streptavidin binding to multiple
biotin linkers. Due to the geometry of the system, it is not immediately obvious that a
streptavidin or neutravidin molecule could not bind to multiple biotin binding sites, resulting
in less coverage along the microtubule and thus a smaller fluorescent signal. Because binding
to two biotin molecules would severely limit the volume that the adsorbate can access, double-
binding should be the most dominant multivalent interaction. We consider double-binding a
two-step process: 1) the formation of the first streptavidin-biotin bond which depends on rate
constant k1, and 2) the formation of a second bond on the streptavidin with a neighboring
biotin which depends on rate constant k2 and the probability p that a neighboring binding






where B is a biotin binding site, S is a streptavidin molecule. We assume that because
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the off rate of the biotin-streptavidin bond is so low, the backward reaction is negligible.
Streptavidin which is bound to a single biotin linker is called species X for ease, and strep-
tavidin which is bount to two biotin linkers is called species Y. There is an additional factor,
p, to the rate of the second reaction which is the probability that a neighboring biotin site
is open. With b0 representing the total number of biotin binding sites, i.e the initial number
of open biotin linkers, the probability is expressed as:
p = 1− (x+ 2y
b0
)2 (2.2)
From the chemical equations, we can write a set of differential equations which can then
be numerically fit to the data:
dx
dt
= k1(b0 − x− 2y)(s0 − x− y) (2.3)
dy
dt
= pk2x(b0 − x− 2y) (2.4)
From this set of differential equations, we expect there to be two distinct phases in
the adsorption curve: 1) at low concentrations of streptavidin, double-binding is dominant
and coverage increases linearly with concentration, and 2) when streptavidin concentration is
more than half of the biotin concentration, single-binding is dominant and coverage increases
at a decreasing rate (Fig. 2.6).
However, the best fit from this set of differential equations does not match well with the
experimental adsorption data. Thus, we conclude that double-binding is not likely to play a
major role in determining the shape of the adsorption curve.
2.4 Conclusion
These results show that changes in activation energy in adsorption processes during the
kinetic phase can be attributed to steric hindrance of approaching adsorbate molecules due
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Figure 2.6: The double-binding model was fit to the adsorption data. In addition to the
total amount of adsorbed streptavidin, the amounts of single binding and double binding
streptavidin species are also shown separately.
to previously adsorbed molecules as well as electrostatic interactions. These interactions
increase the entropic contribution to the energy of the transition state, and may slow down
the adsorption process. It is possible to estimate the increase in the transition state energy
by determining the entropic cost to the transition state induced by the presence of previously
adsorbed molecules. However, as the structures and interactions become more complex, it
also becomes more difficult to determine the ratio of microstates between states accurately.
In general, adsorption of subunits onto a structure is the first step to self-assembling
systems and determines the characteristics of the intermediate stages and building blocks.
At the nanoscale, structures and surfaces can be intricate and designed to have complex
interactions, which will in turn affect the adsorption and the assembly kinetics of the system.
Thus, care must be taken to apply the correct adsorption model in order to accurately predict
the behavior of the system. By furthering our understanding of how interactions affect




Diffusive vs. Motor-Driven Assembly
3.1 Introduction
Active self-assembly has long been of interest as a means to build structures not achievable
through traditional, passive self-assembly or fabrication methods; by harnessing external
sources of energy, active self-assembly processes are able to overcome the speed limitations of
diffusion-driven “passive” self-assembly and are also able to form non-equilibrium structures
[1, 2]. In particular, it was claimed that active self-assembly would allow for (1) faster
assembly time, (2) larger structures and assembly of larger building blocks, and (3) more
complex structures.
While studying gliding assays of kinesin and biotinylated microtubules cross-linked through
streptavidin, a system which was described in detail in the previous chapter, it was found
that by tuning the velocity and concentrations of cross-linker and initial microtubule density,
it was possible to create near millimeter-length wires within 3 hours [41]. This showed that
it was possible to create meso- and macroscopic structures from microscopic building blocks
(microtubules polymerized in vitro are typically on the order of 10 µm in length).
It was believed that such large structures could only emerge in such a relatively short
period of time due to motor activity. The fact that intermediate building blocks diffuse at
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slower speeds as they grow in size, combined with the fact the density of microtubule bundles
decreases as more microtubules and bundles combine suggests that large structures can only
arise after a much longer time period had elapsed [41]. The goal of this project was to show
definitively that diffusion-driven self-assembly of biotinylated microtubules would result in
smaller structures than those achieved by motor-driven self-assembly.
3.2 Experimental Methods
Microtubules are polymerized by incubating 20 µg of biotin-labeled tubulin (Cytoskeleton
Inc., Denver, CO) in 6.25 µL of growth solution containing 4 mM MgCl2, 1 mM GTP, and
5% DMSO (v/v) in BRB80 buffer (80 mM PIPES, 1 mM MgCl2, 1 mM EGTA, pH adjusted
to 6.9 with KOH) for 30 min at 37 ◦C. The microtubules were then diluted 100-fold and
stabilized in 10 µM paclitaxel (Sigma, Saint Louis, MO).
In order for a meaningful comparison to be made between the structures assembled
through diffusion-driven self-assembly and motor-driven self-assembly of biotinylated micro-
tubules, the microtubules needed to be confined to a single plane, as they are in motility
assay. Furthermore, the initial densities of microtubules and the cross-linker, streptavidin,
should match the densities used for the assembly of the long wires.
For the assays which generated the longest wires, the initial tubulin density was measured
to be approximately 110 µm−2. From that, it is possible to estimate the concentration of




= 59 nM (3.1)
The concentration of tubulin in the paclitaxel stabilized microtubule solution is 290
nM (a tubulin heterodimer has a molecular weight of 110 kDa). Thus, the microtubule
solution needed to be diluted 5-fold further to match the initial conditions of the long wire
experiments.
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Figure 3.1: The adsorption curve of streptavidin places the percentage coverage resulting
from 80 nM solution of streptavidin incubated for 10 minutes at approximately 20%.
The protocol for generating the longest wires specified that an 80 nM solution of strep-
tavidin was incubated for 10 minutes. According to the adsorption curve recorded for strep-
tavidin adsorbing to microtubules, this results in a coverage of about 20% (Figure 3.1). For
these control experiments, the streptavidin solution will not be washed out, so we assume
that all of the streptavidin will get adsorbed onto the microtubule. This means that the
total concentration of streptavidin in the solution contained within the experimental cham-
ber should be about 5 nM. Due to uncertainties in the solutions and calculations, multiple
experiments with various concentrations of streptavidin (3, 5, and 10 nM) were performed.
The simplest set-up fulfilling these requirements was to sandwich a 3 µL droplet of
solution of biotinylated microtubules and streptavidin between two coverslips. The resulting
experimental chamber had a height of approximately 7.5 µm, calculated by dividing 3 µL
by the area of the flow cell (4 cm2). Since the microtubules initially have an average length
on the order of 10 µm, the height of the flow cell is low enough to confine the diffusing
microtubules to a layer thin enough that any two microtubules which cross paths in 2-D
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space have a high likelihood of interacting.
However, mixing the streptavidin and biotinylated microtubules prior to the start of the
experiment resulted in assembly of structures before the experiment began. Because these
structures were a result of 3-D diffusion rather than 2-D diffusion, they could not be used
as a comparison between diffusive assembly and motor-driven assembly.
In subsequent experiments, the microtubule solution was deposited onto the coverslip
first before a separate solution containing the streptavidin was introduced to the system.
The total volume of the two combined solutions was 3 µL, and the densities of microtubules
and streptavidin in the experiment were kept constant.
Using the new experimental procedure, it was noted that the microtubules tended to get
stuck on the surface over the course of the experiment, preventing diffusive motion of the
microtubule. This was somewhat unexpected since both the microtubules and the glass cov-
erslips used to create the experimental chamber are negatively charged; thus it was expected
that the electrostatic repulsion between the microtubules and the surfaces would prevent
the microtubules from getting stuck. However, it might have been possible for streptavidin
molecules to settle onto the surface and in turn bind the biotinylated microtubules, making
them stick to the surface. To combat this, casein was included into the solution containing
the microtubules; since casein is a smaller molecule, it would reach and adsorb to the glass
surfaces first. However, this protocal also did not work; microtubules were still getting stuck
to the surface.
To combat this, a protocol for pre-coating both surfaces of the experimental cell with
casein was developed. By sandwiching a drop of casein-containing solution (2 mg/mL casein
(Sigma) in BRB80) between the two coverslips, then disassembling and drying the cover-
slips before introducing the microtubule solution, the whole surface of the flow cell was first
covered with casein. Then 1.5 µL of the microtubule solution was placed on top of a casein-
coated coverslip, followed by the addition of 1.5 µL of fluorescently labeled streptavidin
(Alexa Fluor 488, Invitrogen). Immediately, the second casein-coated coverslip was placed
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on top of the 3 µL droplet, and the solution spread out over the entire surface. To pre-
vent movement of the microtubules due to convection from evaporation at the edges of the
chamber, the edges were sealed with grease. With this, the microtubules and microtubule
aggregates were able to drift around the experimental chamber for the full 3 hours of the
experiment.
Images of 4 different fields of view chosen at random were taken using a 100x oil objective
at 0, 30, 60, and 120 min after the chamber was sealed. Some of the fields of view imaged
contained no microtubules or microtubule aggregates. After two hours had elapsed, the
experimental chamber was scanned for the largest structure, and images of these structures




The positions of single microtubules were calculated by first drawing a line along the length of
the microtubule, then recording the (x, y) coordinates of the center (Fig. 3.2). The positions
of microtubule aggregates were determined by following a marked bright spot formed by
the intersection of two or more microtubules within the aggregate and recording the (x, y)
position of the characteristic spot. This was done because due to configuration changes
and lack of symmetry in the aggregates, the center of mass was very difficult to determine
consistently (Fig. 3.3). This provides a rough estimate for the speed of the aggregate.
The images from which these calculations were based were all taken after 120 minutes to
show that both microtubules and microtubule aggregates are capable of movement through-
out the whole time period. For each field of view, a series of 8 images separated by 15 s
was taken. Note that not all microtubule aggregates were seen to move freely, but that a
majority of them did.
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Figure 3.2: A single microtubule or small microtubule bundle diffuses around in a field of
view. The diffusion constant is estimated to be about 5.0± 1.4µm2/min. This image series
was captured 140 minutes after the experimental cell was sealed.
Figure 3.3: A microtubule aggregate diffuses around in a field of view. The diffusion constant
is estimated to be about 1.3 ± 0.4µm2/min. This image series was captured 165 minutes
after the experimental cell was sealed.
From these images, the diffusion coefficients for the microtubules and the microtubule
aggregates were extracted. The expected diffusion coefficient for microtubules and linear
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The measured and calculated diffusion coefficients are reported in Table 3.1.
Streptavidin Observed Calculated
concentration Type diffusion constant diffusion coefficient
(nM) (µm2/s) (µm2/s)
10 linear 5.0± 1.4 9.4
10 aggregate 1.3± 0.4 1.5
20 linear 3.9± 1.9 11.9
20 aggregate 0.5± 0.2 0.9
20 aggregate 0.1± 0.1 2.9
Table 3.1: Observed and calculated diffusion coefficients for linear single microtubules or
microtubule bundles and microtubule aggregates. The observed coefficients are typically
lower than the calculated coefficients, which may mean that there is some interaction with
the surface.
Though the measured diffusion constants were consistently slightly slower than the ex-
pected, both methods of calculating the expected diffusion coefficients only used an approx-
imation for the geometry. This may indicate that there is some interaction between the
microtubules and the surface. However, observed diffusion coefficients are still close to what
is expected, which indicates that there is likely no convective flow in the experimental cell
which could have affected the results.
25
3.3.2 Largest aggregate
The longest wire formed through motor-driven self-assembly was approximately 940 µm in
length and found after 2 hours of assembly. In contrast, after 2 hours of assembly, very few
wire-like structures were found in experiments in which diffusion was the primary mode of
microtubule transport (Fig. 3.4). Without the directed motion and the force imparted by
the kinesin motors acting on the microtubules, the aggregates which formed were disordered
and had no discernable structure. The largest of these aggregates was approximately 150
µm across its widest point, and found after approximately 3 hours of assembly time (Fig.
3.5).
From the images taken throughout the passive, diffusion-driven self-assembly experi-
ments, the density of microtubule aggregates was calculated and plotted over time. For each
aggregate found, the maximum diameter was recorded and used as a measure for the size of
the aggregate. The average size of the structures for each time point was calculated (Table
3.2).
Time (min) Aggregate density (µm−2) Aggregate diameter (µm)
0 1.1± 0.3× 10−3 10± 2
30 3.5± 0.7× 10−4 25± 8
60 1.4± 0.3× 10−4 38± 8
90 4.3± 1.7× 10−4 26± 8
120 8.6± 1.7× 10−5 38± 12
Table 3.2: For each time point, the average density of microtubule aggregates and the average
aggregate diameter was found. There was a general trend of the aggregate density decreasing
over time and the aggregate size increasing over time.
These were plotted against the model developed by O. Idan in [41], and were found to
match the theory predictions very well (Fig. 3.6).
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Figure 3.4: The largest aggregate formed over the course of three hours of diffusive transport
was only about 150 µm at its widest point, with no discernable organization. In contrast,
the largest structure resulting from motor-driven self-assembly of biotinylated microtubules
measured nearly a millimeter in length and was found after two hours of assembly.
Figure 3.5: A close-up of the largest aggregate formed through diffusion-driven self-assembly.
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Figure 3.6: The average aggregate density and diameter were plotted for each time point
and compared to the data obtained from the experiments which produced the longest wires.
The data matches well with the model predictions of O. Idan.
3.4 Conclusion
In spite of the fact that the gliding assay has been used to study active self-assembly processes
for over a decade, until now, a control experiment comparing active, motor-driven self-
assembly to passive, diffusion-driven self-assembly had never been performed. This work
showed for the first time that structures arising from passive self-assembly are unique from
those created through active self-assembly. In particular, over the same time scales, diffusion-
driven self-assembly cannot be used to assemble structures of the same size as active systems
because the speed of diffusive motion decreases with size of building blocks. Furthermore,
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the force and directionality imparted by the motors result in more ordered structures which
cannot be achieved with diffusion-driven self-assembly.
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Chapter 4
Origins of Microtubule Spooling
4.1 Introduction
In addition to linear bundles, rings and spools are other characteristic structures which
emerge from the active self-assembly of motor-driven cytoskeletal filaments. These circular
structures have been first observed in microtubule-kinesin [30, 50], then in actin/myosin
[51], and finally in microtubule/dynein systems [52, 53]. Microtubules have high flexural
rigidity (persistence length on the order of millimeters [37]), so microtubule spools are under
considerable strain, storing up to 105 kT of bending energy [30]. This makes them an
excellent example of the type of non-equilibrium structures which can be achieved using
motor-driven assembly. Furthermore, spools transform the linear motion of the filaments
into rotational motion. Thus, controlling spool formation and features has been an active
area of research ever since the ring-like structures were noted to emerge from motor-driven
assembly of filaments in in vitro assays.
It had previously been shown that microtubule spools of small radii could not be induced
from thermal fluctuations [54, 55]. Instead, three other mechanisms of spool formation were
proposed. The first mechanism is that spools emerge as a result of the intrinsic microtubule
structure, thus making spool size independent of kinesin and microtubule density [43, 50].
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The second mechanism proposes that spools arise when three or more microtubules collide
and cross-link into a closed structure [55]. This mechanism is dependent on the surface
microtubule density. The third mechanism proposes that spools are formed when the mi-
crotubule is pinned at the leading end by a defective motor or other obstacle and forced to
buckle. In this case, both spool size and density are dependent on kinesin density (Fig. 4.1).
The first mechanism is motivated by the observation that some microtubules polymerized
in vitro have an inherent supertwist which may cause internal stresses on the microtubule.
During polymerization, tubulin dimers form long chains called protofilaments which in turn
assemble into the hollow cylindrical structure of the microtubule. While 13 protofilaments
form a perfectly straight cylinder, microtubules polymerized in vitro may have anywhere
from 8 to 19 protofilaments [37, 47]. These non-13 protofilament microtubules have an
inherent supertwist, which kinesin motors follow. Thus, these microtubules rotate when
being propelled forward [47]. If in a gliding assay, one non-13 protofilament microtubule
encounters another microtubule and cross-linking occurs, the two microtubules may twist
around one another forming a helical structure. Microtubule complexes involving multiple
microtubules wrapped around each other have been observed via electron microscopy [50].
It has been shown that for such helical structures, stress relaxation results in out-of-plane
buckling when an external compressive load is applied [56]. This twist-bend coupling may
result in curved trajectories of the microtubules, which in turn may lead to spool formation
(Fig. 4.1).
The second mechanism postulating that spools are formed at microtubule intersections
was explored by Crenshaw et al. by computer simulation [55, 57]. It was discovered that
when three or more microtubules cross paths and cross-link together, a closed polygon forms,
which then relaxes into a ring-like shape over time (Fig. 1) [55]. The distribution of spool
circumferences generated by the simulation was in good agreement to experimental results
[55]. This theory is further supported by the fact that even in the absence of streptavidin
and biotin cross-linkers, high microtubule densities lead to loop formation, something which
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is not noted at lower microtubule densities [54].
The third mechanism postulates that spools are formed due to the presence of non-
functional motors on the surface, which pin part of the microtubule in place [55]. Since the
rest of the microtubule is still propelled by other attached functional motors, the micro-
tubule buckles and eventually forms a loop which initiates spooling (Fig. 4.1). Thus, spool
formation would be dependent on the kinesin motor density, which affects both the buckling
force and the density of dead motors. Such pinning events have been previously observed in
both actin filaments as well as microtubules, and it has been shown that pinning can result
in filament curvature and even spiralling [58]. Furthermore, it has been shown that apply-
ing compressive forces to microtubule bundles does lead to buckling and ring formation in
experiments done on vesicle-encased microtubule bundles loaded via micropipette aspiration
[5].
Figure 4.1: Right: Spools emerge from assays where biotin-functionalized microtubules pro-
pelled by kinesin motors are cross-linked together through streptavidin. Left: There are
several theories on how spools are initiated. Twist-bend coupling occurs as a result of the
microtubule structure; simultaneous sticking of three or more microtubules is dependent on
the microtubule surface density; and pinning events are dependent on the kinesin surface
density. Adapted from [42].
Out of the three mechanisms presented, the first two postulate that spool formation
is independent of kinesin motor density; the third postulates that both the frequency of
spool initiation and spool size are dependent on the motor density. The goal of this project
was to determine the main mechanism of spool initiation. By preparing surfaces with step-
wise variations in kinesin density, it is shown that spool density and circumference are both
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dependent on kinesin motor density, supporting the third mechanism which posits that spool
formation is a result of pinning due to defective motors.
4.2 Experimental materials and methods
4.2.1 Microtubule preparation
Microtubules were prepared by polymerizing 20 µg of biotin-labeled tubulin (Cytoskeleton
Inc., Denver, CO) in 6.25 µL of growth solution containing 4 mM magnesium chloride
(MgCl2), 1 mM guanosine triphsophate (GTP), and 5% dimethyl sulfoxide (DMSO) (v/v) in
BRB80 buffer (80 mM piperazine diethanesulfonic acid, 1 mM MgCl2, 1 mM ethylene glycol
tetraacetic acid (EGTA), pH adjusted to 6.9 with potassium hydroxide (KOH)) for 30 min
at 37 ◦C. The microtubules were then diluted 100-fold and stabilized in 10 µM paclitaxel
(Sigma, Saint Louis, MO).
4.2.2 Kinesin preparation
For the spooling experiments, a kinesin construct consisting of the wild-type, full-length
Drosophila melanogaster kinesin heavy chain and a C-terminal His-tag was expressed in
Escherichia coli and purified using a Ni-NTA column. Based on landing rate measurements,24
the concentration of this kinesin solution is 920 ± 510 nM in this stock solution.
For experiments with green fluorescent protein (GFP) labeled kinesin, a kinesin construct
containing the first 430 amino acids of kinesin-1 fused to an eGFP and a polyhistidine tag at
the tail domain (rkin430eGFP), which was expressed in Escherichia coli and purified using
a Ni-NTA column (prepared by G. Bachand at the Center for Integrated Nanotechnologies
at Sandia National Laboratories).
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Figure 4.2: The flow cell is constructed with glass coverslips and double-sided tape. Kinesin
is flowed in section by section, resulting in a stepwise gradient.
4.2.3 Spooling experiments
A 10 µL drop casein (2 mg mL−1 in BRB80) was sandwiched between a 22 mm x 22 mm
coverslip and a 50 mm x 35 mm coverslip. The casein (purified from bovine milk and
containing all casein subunits; Sigma, Saint Louis, MO) was allowed to adsorb for 5 min
before the two coverslips were disassembled and allowed to air dry. With the two casein-
coated sides facing each other, a 100 µm x 5 mm x 22 mm flow cell was assembled using
double-sided Scotch tape as spacers. Segments of 5 mm in length were demarcated prior to
fluid injection into the flow cell (Fig. 4.2).
Kinesin solution (25 nM kinesin, 0.5 mg mL−1 casein, and 0.02 mM adenosine triphos-
phate (ATP) in BRB80) was flowed into the flow cell incrementally. Enough kinesin solution
was flowed in to meet the first demarcation (approximately 2.5 µL), covering the first seg-
ment of the flow cell, and was allowed to adsorb for 2 min before more kinesin solution
(approximately 2.5 µL) was flowed in to cover the second segment. The solution was allowed
to sit for another 2 min before kinesin solution was added to cover the third segment. Again,
the kinesin was allowed to adsorb for 2 min before additional kinesin solution was added
into the flow cell. After another 2 min elapsed, the excess kinesin was washed out with an-
tifade solution (20 mM D-glucose, 20 µg mL−1 glucose oxidase, 8 µg mL−1 catalase, 10 mM
dithiothreitol(DTT), and 0.02 mM ATP in BRB80). We used a kinesin solution resulting
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in a surface density of 740 ± 240 µm−2 after 5 minutes of adsorption, calculated from the
landing rate experiments done on the stock kinesin solution [59, 60]. Based on landing rate
experiments done on the kinesin gradient, the kinesin densities relative to the first section
are estimated to be 0.55 ± 0.11, 0.17 ± 0.07, and 0.05 ± 0.06, implying that 35 ± 9% of the
kinesin motors adsorb over the course of two minutes. Thus, the kinesin densities can be
estimated to be 1600 ± 880 µm−2, 870 ± 510 µm−2, 270 ± 190 µm−2, and 80 ± 100 µm−2
for the first, second, third, and fourth sections, respectively (see Landing Rate Experiments
section in Results and Discussion).
The antifade solution was immediately exchanged with motility solution (3 µg mL−1
polymerized tubulin in 10 µM of paclitaxel and an antifade system made up of 20 mM D-
glucose, 20 µg mL−1 of glucose oxidase, 8 µg mL−1 catalase, 10 mM DTT, and 0.02 mM
ATP in BRB80). The microtubules were allowed to adsorb for 5 min before 15 µL of antifade
solution was used to wash out the excess microtubules. Alexa488-labeled streptavidin (0.16
µM with 0.5 mg mL−1 casein and 10 µM paclitaxel in BRB80) was then introduced to the
system and allowed to incubate for 5 min. Excess streptavidin was then washed out with
antifade solution. It was observed that the initial density of microtubules was roughly equal
in each section of the flow cell. Since the exchange of solutions takes about 20 seconds, based
on the diffusion coefficient for a 1 µm long microtubule, it can be calculated that less than
5% of the microtubules are expected to settle onto the surface during solution addition or
exchange.
To evaluate the stability of the kinesin gradient surface over time, a different flow cell was
created following the same protocol as mentioned above. However, instead of immediately
adding the motility solution after the first antifade wash, the motility solution was added
after 2 hrs had elapsed. The flow cell was kept in a humidified environment to prevent
evaporation of the solution for the 2 hrs between flows. The subsequent solutions were
flowed through as described above, and spooling behaviour was observed in each quadrant
after 2 hrs. All experiments were performed at 20 ◦C.
35
4.2.4 Landing rate experiments
To determine the density of kinesin on the surface, land rate experiments were performed.
A kinesin gradient is prepared in the same manner as in the spooling experiments. Then a
solution containing 3 µg mL−1 polymerized tubulin in 10 µM of paclitaxel and an antifade
system is flowed into the cell. The microtubules in this solution are sheared by passing the
solution through a 30G1 needle (inner diameter 0.159 mm) five times to shorten them. The
edges of the flow cell are sealed with grease to prevent evaporation, and each section of the
flow cell is imaged at regular intervals over the course of 20 minutes.
4.2.5 GFP-kinesin experiments
To further prove that there is a kinesin gradient, an assay using GFP-tagged kinesin was
run. Because the truncated GFP-kinesin does not support smooth motility of microtubules
without the use of an antibody, instead of a kinesin gradient, a gradient of anti-GFP antibody
(AHP975 from AbD Serotec, Rayleigh, NC) was created by flowing the antibody solution
(2 mg mL−1 in BRB80) in stepwise, pausing 40s between each step. After creating the
antibody gradient, a solution of GFP-kinesin was flowed in. For single molecule imaging
of the GFP-kinesin, the kinesin solution was diluted 100-fold further than for the spooling
assays. The excess kinesin was washed out with antifade, and then the GFP-kinesin was
imaged using total internal reflection fluorescence (TIRF) microscopy. For the spooling
assays, after washing the excess kinesin out with antifade, the rest of the solutions were
flowed in following the same protocol as in the spooling experiments.
4.2.6 Imaging and analysis
For the spooling experiments, flow cells were imaged using an epifluorescence microscope
(Nikon TE2000) equipped with an X-cite 120 lamp (EXFO, Ontario, Canada) and an iXON
DU885LC EMCCD camera (Andor Technology, South Windsor, CT). Image sequences of 3
36
different fields of view were taken using a 40x air objective (N.A. 0.75) for each section of the
flow cell approximately once every 15 minutes for 2 hr (0.5 fps for 20 s with 0.5 s exposure
time). In experiments for the evaluation of the gradient stability, the flow cells were only
imaged 2 hr after the motility solution was added.
For experiments with GFP-kinesin, single molecule imaging of the kinesin was achieved
by using an objective-type total internal reflection fluorescence (TIRF) setup on an Eclipse
Ti microscope (Nikon Instruments, Melville, NY) with a 100x/1.49 NA objective lens (Nikon
Instruments, Melville, NY) using a 488 nm laser (maximum intensity 50 mW). To determine
the kinesin density in each section, images of 3 different fields of view per section were taken
using an iXon DU897 Ultra EMCCD Camera (Andor Technology, South Windsor, CT) with
an exposure time of 0.2s. Imaging of the microtubules was achieved using an epifluorescence
microscope (Nikon TE2000) equipped with an X-cite 120 lamp (EXFO, Ontario, Canada)
and an iXON DU885LC EMCCD camera (Andor Technology, South Windsor, CT).
Data analysis was conducted using ImageJ imaging software.
4.3 Results
4.3.1 Landing rate experiments
Estimates of kinesin density were obtained by performing landing rate experiments. To
analyze these experiments, the number of microtubules in each field of view is counted,
and the landing rate of the microtubules is obtained by fitting the equation N = Nmax(1−
e
−R(t−ti)/Nmax ) to the data (Fig. 4.3). Here, N is the number of microtubules landed, R is
the landing rate, t is time, and ti is the time of initial introduction of microtubules into the
flow cell. R and ti are fit parameters. This is then compared to the landing rates of known
dilutions of kinesin, and thus the landing rate is used as an estimator for the kinesin density
on the surface.
The landing rate of the known dilutions of kinesin is also determined by fitting. The
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Figure 4.3: The average number of microtubules landed in a field of view for each gradient
section was measured over time. The equation N = Nmax(1 − e
−R(t−ti)/Nmax ) is fitted to the
data. The landing rates for each section are used to estimate the relative kinesin densities.
Parameter Value S.E.M.
Z (mm−2 s−1) 259.3 0.1
A (unitless) 28 5
RS1 (mm
−2 s−1) 160 10
RS2 (mm
−2 s−1) 110 10
RS3 (mm
−2 s−1) 38 7
RS4 (mm
−2 s−1) 12 5
Table 4.1: Fit parameters for kinesin gradient landing rate experiments.
landing rates are then plotted as a function of the dilution factor, d, and the equation
R = Z(1 − e−Ad) is fit to the data, where Z and A are fit parameters. Using the values
obtained by the fit, it is then possible to solve for the dilution factor and determine the
relative densities of kinesin for each section. Using this method, we find that the densities
of Sections II, III, and IV relative to Section I were found to be 0.55 ± 0.11, 0.17 ± 0.07,
and 0.05 ± 0.06, respectively (Table 4.1).
Taking the ratio of the kinesin densities of the second, third, and fourth sections to the





(1− f)S−1(5− S) (4.1)
where f is the fraction of kinesin adsorbed per 2 minutes, and S is the section number, we
can calculate that f = 0.35± 0.09, i.e. 35± 9% of the kinesin adsorbs to the surface over 2
minutes. This adsorption rate is somewhat lower than the diffusion-limited adsorption rate
of 50% per minute estimated for a kinesin diffusion constant of 20 µm2 s−1 and a flow cell
height of 100 µm [61].
4.3.2 Spooling experiments
Figure 4.4 shows the assembly of microtubules into spools over time. Each section starts
with comparable densities of microtubules. However, as early as 30 minutes, the differences
between each section are quite marked. In section I, where there is the highest kinesin
density, motility of the shorter microtubules is supported whereas in sections II, III, and IV,
only longer microtubules can stay on the surface. After about 90 minutes, each section has
reached a steady-state in terms of assembled vs. unassembled microtubules, and the spool
size distribution and density does not alter significantly.
The spools had a distinct appearance in the four sections of decreasing kinesin densities
(Fig. 4.5). The regions in between the sections were characterized by an approximately
200 µm wide stripe (one field of view) in which very few spools or gliding microtubules
were seen. Instead, there were many stationary disordered microtubule aggregates and short
microtubules which appeared as speckles. Evaporation of the fluid within the flow cell during
the 2 minutes between subsequent additions of kinesin solution may have disabled adhered
motors causing this distinct boundary between sections.
Microtubule movement was observed in the central region of each segment throughout
the full 2 hours of the experiment. The average gliding velocities of the microtubules in each
section of the flow cell stayed around 0.1 µm s−1 throughout the experiment. In control
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Figure 4.4: Images from each section of the flow cell are taken every 15 minutes. Section
I (left column) has the highest density of kinesin while section IV has the lowest (right
column). The initial microtubule densities for each section are roughly equal. Assembly
reaches steady-state at around 90 minutes for each section.
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Figure 4.5: Sample images and spool circumference distributions were taken at 2 hours after
the final solution exchange in the flow cell. The sample images and spool size distributions
are for estimated surface kinesin densities of (a) and (e) 2200 ± 930 µm−2, (b) and (f) 560
± 350 µm−2, (c) and (g) 140 ± 190 µm−2, (d) and (h) 40 ± 70 µm−2. The blue curve is the
theoretical distribution of spool circumferences at each motor density based on Luria et al
[55].
experiments, similar differences in spool circumferences and densities between sections were
obtained, even after waiting 2 hours before the addition of the microtubule solution. Thus,
we concluded that the differences in kinesin density between various sections were stable
over the course of the 2 hours. Thus, in the flow cell, only the kinesin density differed
between sections while all other variables were constant (i.e. initial microtubule population
and density, streptavidin concentration, and antifade solution.)
The section with the highest kinesin density was characterized by the presence of many
smaller spools. As the kinesin density decreased, fewer spools were created, and more non-
spool structures (i.e. bundles and aggregates) were observed (Fig. 4.5). The distribution
of spool sizes was recorded for all kinesin densities (Fig. 4.5). Lowering the kinesin density
results in a heavier distribution tail and a right shift in the peak, as predicted by the model
described by Luria et al. [55] In this model, the probability that a spool of a specified
circumference is formed is given by the product of the probability that the microtubule
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Figure 4.6: The average spool circumferences (blue circles) and spool densities (red squares)
were measured for each section. Error bars represent the standard error of the mean. As av-
erage spool circumference decreased with increasing kinesin density, spool density increased.
forming the spool has a sufficient length and the probability that the microtubule has a
sufficient number of kinesin motors attached to provide enough force to bend the microtubule.
The first is a function of the distribution of microtubule bundle lengths while the second
is dependent on the stiffness of the tip of the microtubule bundle, the force exerted per
motor, length of the microtubule/microtubule bundle, and the surface density of kinesin
motors. Since neither the properties of individual microtubules and kinesins nor the initial
distribution of microtubule lengths should change between different sections of the flow cell,
the kinesin density is the only parameter which changes the distribution.
The highest spool density was observed in the section with the highest kinesin density,
and corresponded with the lowest average spool circumference. Conversely, the lowest spool
density corresponded with the highest average spool circumference in the section with the
lowest kinesin density (Fig. 4.6). The total spool circumference per area, which is an
estimator of the density of microtubules, is roughly constant (Table 4.2).
For the flow cell section with the highest kinesin density, there was a much greater
number of very short microtubules, which appeared as specks on the field of view (Fig.
4.5a). The high density of kinesin is capable of both providing enough force to break bent
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Kinesin density Spool density Mean spool circumference Total spool circumference
(µm−2) (mm−2) (µm) (mm/mm2)
2220 ± 930 610 ± 60 7.9 ± 0.3 4.8 ± 0.5
420 ± 350 540 ± 40 14.7 ± 1.4 7.9 ± 1.0
140 ± 190 280 ± 90 18.3 ± 2.1 5.1 ± 1.7
40 ± 70 200 ± 40 21.2 ± 2.3 4.2 ± 1.0
Table 4.2: Spool densities, mean spool circumferences, total spool circumference (the product
of spool density and circumference) at the four kinesin densities observed. Standard errors
are reported for each value.
microtubules and of sustaining gliding of the shortened microtubules. This may change
the length distribution of the microtubules prior to assembly, and lead to the preferential
formation of smaller spools seen in Fig. 4.5h [62].
It was also noted after two hours that the longest microtubule bundle (230 µm) was
formed in the section with the lowest kinesin density. Disordered structures (i.e. aggregates
of cross-linked microtubules which have no alignment with respect to one another) were
also found in this section, and a number of microtubules drifted in and out of focus. Such
floating structures were not counted as spools, even though some of them did form closed
loops. These sorts of structures and behavior were not noted in the areas with higher kinesin
densities.
4.3.3 Analysis of spool brightness
For each section, ten spools were chosen at random to be analyzed for brightness. At
intervals of 45 degrees, the integrated intensity over the inner to outer diameter of the
spool was measured. After subtracting the background, the average integrated intensity was
normalized by the integrated intensity over the width of a single microtubule (240 ± 46 nm)
to find the average number of microtubules per spool. The combined average of the number
of microtubules making up spools for all sections is 11 ± 3, which is not significantly different
from the sectional averages.
The spools were not necessarily consistent in brightness around the circumference, and on
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Figure 4.7: The integrated brightness over the width of the spools does not obviously corre-
late with the spool circumference. The top graph contains the full data set and the bottom
graph is of the data set with outliers discarded.
average had a difference of 6-9 microtubules between the brightest and least bright segments.
The brightness of the spools is not obviously correlated with the circumference (Fig. 4.7).
The product of the average number of microtubules in a spool, average spool density, and
average spool circumference can be used to estimate the total length of microtubules which
spool in each section. This was not found to be significantly different between sections using
a one-way ANOVA test (Table 4.3, Fig. 4.8).
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Section I Section II Section III Section IV
Average spool
brightness 2094 ± 881 3106 ± 1405 2898 ± 400 2655 ± 551
(a.u.)
Average number of
MTs making up 8.7 ± 4.0 12.9 ± 6.4 12.1 ± 2.9 11.1 ± 3.1
spool width
Average spool
density 610 ± 60 540 ± 40 280 ± 90 200 ± 40
(mm−2)
Average spool
circumference 7.9 ± 0.3 14.7 ± 1.4 18.3 ± 2.1 21.2 ± 2.3
(µm)
Estimated microtubules
in spools per unit area 42 ± 20 103 ± 52 62 ± 26 47 ± 17
(mm/mm2)
Table 4.3: The approximate length of microtubules taken up by spooling was calculated by
taking the product of the average number of microtubules making the annular width of the
spool, the average spool density, and the average spool circumference.
Figure 4.8: The product of the average spool circumference, average spool density, and
average number of microtubules per spool for each section provides a measure for the quantity
of microtubules which have been taken up by spools. These values are not significantly
different between sections by a one-way ANOVA (F(3, 37) = 0.24).
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4.3.4 GFP-kinesin experiments
To verify that a protein gradient is indeed being created by the stepwise flow, experiments
are run with GFP-kinesin, which can be imaged with total internal reflection fluorescence
(TIRF) microscopy. Instead of creating a four-section gradient of kinesin, a three-section
gradient of anti-GFP antibodies is instead created, as a proof-of-concept, and a solution of
GFP-kinesin is allowed to adsorb onto the antibodies for the same amount of time for each
section. Thus, the difference in the GFP-kinesin densities arise from the difference in the
density of binding sites on the surface for the kinesin.
The average spool densities for Sections I and II were 125 ± 5 mm−2 and 59 ± 1 mm−2,
respectively. The average spool circumferences for Sections I and II were 20 ± 2 µm and 26
± 3 µm. No spools were observed in Section III (Fig. 4.9). The microtubules do not seem
to be tethered as strongly to the surface, likely because the kinesin motors are also not as
strongly attached to the surface. This would be a possible explanation for why fewer spools
were observed as compared to the experiments done with conventional kinesin. Furthermore,
during experiments, spools were observed to detach from the surface and diffuse. Thus, the
spools observed in each section at the end of the experiment may not have originated from
that section. However, the diffusion coefficient of these spools is expected to be much lower
than that of single microtubules. This would explain why we still observe a larger number of
spools of smaller circumference in the section with the highest kinesin density, lower spool
density and larger spools in the section with an intermediate kinesin density, and no spools
in the section with the lowest kinesin density (Fig. 4.10).
4.4 Discussion
If spools were generated only due to the relaxation of the strain rooted in the supertwist
of the microtubule, it would be expected that spool size would not be dependent on motor
density. Because a kinesin motor always takes 8 nm steps regardless of how many motors
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Figure 4.9: The GFP-kinesin gradient and the resulting spool formation after 2 hours. Images
of the GFP-kinesin were taken with TIRF microscopy with an 100x oil objective. Images of
the spools were taken at 10x magnification using epifluorescence microscopy. The gradient
of GFP-kinesin was created by first creating a stepwise gradient of anti-GFP antibodies
to which the truncated GFP-kinesin adsorbed. The antibody was allowed to adsorb for
40s between each section, which resulted in kinesin densities of 0.73 ± 0.04 and 0.64 ± 0.02
relative to Section I for Sections II and III, respectively. The resulting average spool densities
for Sections I and II were 20 ± 2 µm and 26 ± 3 µm. No spools were observed in Section
III. For single molecule imaging, the GFP-kinesin solution used was 100 times more dilute
than the solution used for the spooling assays.
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are attached to the microtubule, the amount of twisting experienced over the trajectory
would be solely determined by the number of protofilaments in the microtubule. Previous
studies have found that the rotation of microtubule spools is dependent on the handedness
of the helical structure, with right-handed and left-handed helices resulting in clockwise and
counter-clockwise rotation, respectively [50, 63]. However, here, we have demonstrated that
there is a significant difference in the average spool circumferences and the number of spools
formed at different kinesin densities; thus, the supertwist of the microtubule cannot be the
main origin of spooling.
Similarly, the initiation of spooling due to microtubule intersections does not depend on
kinesin density, and instead is only dependent on the microtubule density. While for short
adsorption times, higher kinesin densities result in higher initial microtubule densities on
the surface, for the fixed adsorption time used for this experiment, the initial microtubule
density should only be dependent on the concentration of microtubules in solution [60]. The
images taken closest to the initial time points for each section show that the density of
microtubules is roughly constant throughout the flow cell, as expected from calculations
based on the diffusion constant of the microtubule. If the intersection of microtubules were
the sole reason spools form, then likewise, the spool distribution should be similar across all
sections. As it is not, this too cannot be the main mechanism which initiates spooling.
If spools were generated by pinning, it would be expected that both spool density and size
would be dependent on kinesin density. A higher density of kinesin means that dead motors
are spaced closer to one another, thus initiating a greater density of spools. Furthermore,
higher kinesin densities lead to increased force on pinned microtubules allowing for smaller
spool circumferences. Both of these effects have been observed throughout the spooling
process.
It could be argued that the distribution of spool sizes and densities were only observed af-
ter steady-state had been reached, and the observed effects of kinesin density on the spooling
population is a convolution of both initiation and maturation. While the differences between
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each section were the most apparent after the spooling process had reached a steady-state,
the effects of kinesin density on spool size and density could be observed even before steady-
state had been reached. Furthermore, pinning of microtubules has been observed to result
in highly curved trajectories. With this set of experiments, although it is not possible to
rule out that the supertwist or multiple intersections of microtubules results in some spool
formation, our results support pinning of the microtubule as the dominant mechanism of
spool initiation.
4.5 Conclusions
Understanding the origins of spooling is one of the first steps to being able to better con-
trol the structures which arise from the active self-assembly of microtubules. This study
contributes to the many studies on controlling the characteristic features of spools, which is
still an area of active research. For example, it was recently found that stiffer microtubules,
prepared with GMPCPP in the tubulin polymerization buffer, have been observed to result
in spools with larger diameters [64]. It has also been observed that longer microtubules also
result in larger spool diameters [64]. Adding microtubules in successive stages into the flow
cell was shown to be an effective way to tune the thickness of the spool as characterized
by the difference between the outer and inner diameter of the spool [65]. It is also possible
to control the direction of the rotational motion of the rings and spools. The supertwist
of the microtubules of greater or less than thirteen protofilaments can bias the rotation of
the rings in either the clockwise or counterclockwise direction depending on whether the
supertwist is left- or right-handed; a left-handed supertwist results in preferential counter-
clockwise rotation while a right-handed supertwist results in preferential clockwise rotation
[50, 53, 63, 66, 67]. Moreover, length and rigidity of the microtubule as well as the type of
kinesin motor used in the assay can also significantly affect the bias of rotational direction
of microtubule rings and spools [68]. Here we have shown that increasing kinesin density
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increases the spool density and decreases spool circumference. This clear dependence on
kinesin density shows that neither the supertwist of the microtubules nor the intersection of
microtubules is the primary cause of spool formation; rather, pinning of microtubules plays
a dominant role in spool initiation.
This demonstrates that forces acting upon the building blocks are important factors for
determining the size of the assembled structure. By changing these parameters, it may
be possible to better determine structures that arise from active self-assembly processes of
micro- to mesoscale building blocks, and build systems which capitalize on these properties
to assemble non-equilibrium structures in a more uniform and controlled manner.
We have also demonstrated a proof-of-concept method for making a kinesin gradient
based solely on its diffusion constant and ability to attach to a surface. Though our flow
cells only contained four distinct regions with relatively sharp boundaries in kinesin surface
density, it would be feasible to divide the flow cells into increasingly smaller segments and
ultimately create a smooth gradient. To prevent evaporation for slower flow rates, it would
be necessary to keep the flow cell in a humidified environment. This adds to the existing
methods for creating protein gradients [69, 70], and using this simple method, it may be




Self-Assembling Kinesin “Ant Trail”
5.1 Introduction
In the previous chapter, it was shown that surface defects can seriously affect microtubule
movement along the surface, changing the outcome of the assembly process. In molecular
shuttle systems, surface defects which cause the microtubule shuttle to be pinned in place
decrease the useful forward motion of the microtubule, and result in stalled or spiralling
shuttles [71, 72]. While the surfaces themselves can be cleaned and treated, defects resulting
from misfolded, denatured, or otherwise damaged motors will be an inherent problem in
using motor protein powered nanodevices. Furthermore, the filament shuttles themselves
are subject to degredation resulting in molecular wear [62, 73, 74]. Together, these two
points suggest the necessity of creating in vitro systems which allow for the replacement of
defective components.
Biological systems and materials have solved the problem of having relatively short-lived
components by continually adding and replacing the components as needed [75, 76]. These
structures exist in a dynamic steady-state, balancing localized recruitment to and release
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from the assembled structure. In cases where resources are limited, assembly of components
as needed allows for component recycling. For example, stress fibers and filopodia are tem-
porarily formed from molecular building blocks to support cellular motility [77]; similarly,
social insects dynamically recruit group members for the performance of localized tasks, e.g.
foraging [78].
In cases where components are continually being manufactured, this dynamic assem-
bly results in several attractive features of biological materials, e.g. defect tolerance and
the abilities to adapt and heal. For example, cardiac muscle tissue is an extremely well-
ordered self-assembled construct which continually replaces proteins on the timescale of days
[20, 22, 79, 80]. Because of this, defective proteins are automatically removed over time, de-
creasing the likelihood for a build-up of dysfunctional parts. Thus, component turnover is
what enables muscles to continually function over decades in spite of its molecular building
blocks’ lifetimes of days. This constant component turnover also allows for healing when the
muscle is injured: since a steady supply of building blocks are available to the tissue, the
injured tissue simply assembles itself once again, reconstructing parts which were destroyed.
Furthermore, constant turnover allows for the adaptability of muscle: more proteins can
be recruited due to the steady supply of proteins available to the tissue, self-assembling to
increase the tissue volume and in turn affecting the force output. Thus, restoration and
adaptation of biological materials are natural consequences of having a self-assembling sys-
tem with continual component turnover.
In contrast, current research in self-healing and adaptive materials usually involve exter-
nally set fields separate from the material itself [81, 82, 83, 84, 85], or the manufacturing
of extra compartments which contain healing agents [86, 87, 88, 89, 90, 91, 92, 93]. In the
former cases, external control is often necessary for the healing to occur, i.e. the healing does
not occur autonomously. In the latter cases, the self-healing is limited in that once the heal-
ing agent has been used up, the material regresses to a non-regenerating state. Furthermore,
while these healing agents are able to repair some damage, the material is often still unable
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to recover full strength and functionality. The addition of extra components and structures
to the material creates its own problems in terms of fabrication and material matching.
Building materials and systems which allow for autonomous assembly, adaptation, and
healing remains a challenge because of the conditions which must exist to enable self-assembly
and component turnover. In order for efficient self-assembly to occur, formation of the desired
structure must be energetically favorable. Thus, the building blocks must be designed such
that their organization is a natural consequence of the energy level in the system [1, 2, 94, 95].
However, continuous turnover can only be achieved if the subunits are bound to the construct
reversibly, which means that the bonds must also have a relatively high dissociation rate
[85]. Balancing the stability necessary for assembly and functionality with the dynamism
necessary for disassembly is a challenge which has been explored theoretically [2], as well
as at the macroscale in robotic swarms [96, 97, 98, 99] and at the mesoscale with building
blocks designed and manufactured to assemble due to macroscopic fields [85, 100], but this
challenge has not been met at the molecular scale.
Gaining the ability to design and experimentally realize these types of systems has the
potential to be transformative in materials engineering. To this end, the goal of the project
was to model and construct a minimal dynamically assembling system where microtubules
recruit kinesin motors to propel themselves along the surface. These assembled kinesin trails
can then either diesassemble if not being used, or recruit other microtubules to reinforce the
trail, reminiscent of an “ant trail” at the molecular level.
5.2 Experimental methods
5.2.1 Microtubule preparation
Microtubules were polymerized by reconstituting 20 µg HiLyte647-labeled lyophilized tubulin
(TL670M, Lot 017 from Cytoskeleton Inc, Denver, CO) in 6.25 µL polymerization buffer
(BRB80 (80 mM piperazine-N,N-bis(2-ethanesulfonic acid), 1 mM MgCl2, 1 mM ethylene
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glycol tetraacetic acid (EGTA), pH 6.9 with KOH) and 4 mM MgCl2, 1 mM GTP, 5%
dimethyl sulfoxide (DMSO)) and incubating at 37 ◦C for 45 minutes. The microtubules
were then stabilized by diluting them one hundred-fold into BRB80 buffer with 10 µM
paclitaxel (Sigma, St Louis, MO).
5.2.2 Kinesin preparation
A kinesin construct containing the first 430 amino acids of Drosophila melanogaster kinesin-
1 heavy chain fused to eGFP and a C-terminal His-tag at the tail domain (rkin430eGFP)
was expressed in Escherichia coli and purified using a Ni-NTA column (prepared by G.
Bachand at the Center for Integrated Nanotechnologies at Sandia National Laboratories).
The concentration of the stock solution is 50 ± 20 nM.
5.2.3 Surface preparation
Coverslips of two sizes (24 mm x 60 mm and 22 mm x 22 mm) were first washed with ethanol
and then Milli-Q water before being sonicated in Milli-Q water for 5 minutes. They were
then oven-dried and UV-ozone treated on both sides for 15 minutes (UV Ozone Procleaner,
BioForce Nanosciences). The coverslips are again sonicated in Milli-Q water for 5 minutes
before drying. For experiments in which the surfaces were coated with antibodies, the cleaned
coverslips were used to construct flow cells. The cleaned coverslips were then silanized by
immersion in 5% dimethyldichlorosilane in toluene (Sigma, St. Louis, MO) for 15 seconds
before being washed twice in toluene and three times in methanol. The coverslips are dried
with nitrogen.
5.2.4 Antibody surface coated gliding assay
Coverslips are first washed with ethanol and then Milli-Q water before being dried with
pressurized nitrogen. These cleaned coverslips are used to construct a flow cell. A solution
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of 2 mg mL−1 of antibody (various types from various sources) was introducted to the flow
cell and incubated for 15 min. A solution of 0.5 mg mL−1 of casein is then flowed into the
cell and incubated for 5 min. Then, a solution of 0.05 nM kinesin is exchanged for the casein
solution and allowed to adsorb for 10 minutes. Microtubules are introduced into the flow
cell in a solution containing 1 mM ATP, antifade solution, and an ATP regenerating system
in BRB80 buffer. After this solution is incubated for 10 minutes, excess microtubules are
washed out with a solution containing ATP, an ATP regenerating system, and antifade. The
edges of the flow cell are then sealed with grease, and the flow cell is imaged.
5.2.5 Antibody surface coated self-assembling assays
Coverslips are first washed with ethanol and then Milli-Q water before being dried with pres-
surized nitrogen. These cleaned coverslips are used to construct a flow cell. A solution of 0.2
mg mL−1 of antibody (various types from various sources) in 0.5 mg mL−1 of casein in buffer
(either BRB80, BRB20 (20 mM piperazine-N,N-bis(2-ethanesulfonic acid)), or BRB80 pre-
pared with HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) instead of PIPES)
was introduced to the flow cell and incubated for 15 min. A solution of 0.5 mg mL−1 of
casein is then flowed into the cell and incubated for 5 min. Then, a solution of 0.05 nM
kinesin, microtubules, 1 mM AMP-PNP, antifade solution, and an ATP regenerating system
in buffer is introduced. After this solution is incubated for 10 minutes, excess microtubules
are washed out with a solution containing 0.01 mM ATP, an ATP regenerating system, and
antifade. The edges of the flow cell are then sealed with grease, and the flow cell is imaged.
In some cases, the initial solution of antibody and casein included 0.01% Triton-X detergent.
5.2.6 Pluronic F108-NTA coated self-assembling gliding assay
A solution of 2 mg mL−1 Pluronic F108-NTA (gift from Dr. Jennifer Neff, Allvivo Vascular,
Lake Forest, CA) in 50 mM nickel (II) sulfate (Sigma, St. Louis, MO) is first flowed into
the flow cell. The pluronic-NTA is allowed to adsorb for 5 min before being washed out
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three times with buffer solution, either BRB80 or BRB20, 1 mM MgCl2, 1 mM EGTA, pH
6.9 with KOH). Following the wash, a solution containing microtubules, and kinesin and
ATP of varying concentrations in 0.5 mg mL−1 casein (purified from bovine milk; Sigma, St.
Louis, MO), 10 µM paclitaxel, an enzymatic antifade system (20 mM D-glucose, 20 µg mL−1
glucose oxidase, 8 µg mL−1 catalase, 10 mM dithiothreitol, 2 mM creatine phosphate, 2 units
L−1 creatine phosphokinase in buffer). This solution was incubated for 10 min before being
exchanged for a solution containing a matching concentration of kinesin, ATP, paclitaxel, and
antifade. The edges of the flow cell were sealed with vacuum grease to prevent evaporation.
For control experiments in which nickel sulfate solution is not used, a flow cell is first
constructed from silanized coverslips. A solution of 2 mg mL−1 Pluronic F108-NTA in
Milli-Q water is flowed into the cell and allowed to adsorb for 5 min before being washed
out three times with BRB20 buffer solution. Following the wash, a solution containing
microtubules, 0.25 nM kinesin, and 0.01 mM ATP in 0.5 mg mL−1 casein, 10 µM paclitaxel,
an antifade system, and an ATP regenerating system in buffer. This solution was incubated
for 10 minutes before being exchanged for a solution containing a matching concentration of
kinesin, ATP, paclitaxel, and antifade. The edges of the flow cell were sealed with vacuum
grease to prevent evaporation.
5.2.7 Non-dynamically assembling gliding assay control experi-
ments
Coverslips are first washed with ethanol and then Milli-Q water before being dried with
pressurized nitrogen. These cleaned coverslips are used to construct a flow cell. A solution
of 2 mg mL−1 anti-PentaHis antibody (QIAGEN, Germantown, MD) was introduced to the
flow cell and incubated for 15 min. A solution of 0.5 mg mL−1 of casein is then flowed into
the cell and incubated for 5 min. Then, a solution of 0.05 nM kinesin is exchanged for the
casein solution and allowed to adsorb for 10 minutes. Microtubules are introduced into the
flow cell in a solution containing 1 mM ATP, antifade solution, and an ATP regenerating
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system in BRB80 buffer. After this solution is incubated for 10 minutes, excess microtubules
are washed out with a solution containing ATP, an ATP regenerating system, and antifade.
The edges of the flow cell are then sealed with grease, and the flow cell is imaged once every
10 s.
5.2.8 Imaging
Both the microtubules and kinesin were imaged using an objective-type total internal reflec-
tion fluorescence (TIRF) setup on an Eclipse Ti microscope (Nikon Instruments, Melville,
NY) with a 100x/1.49 NA objective lens (Nikon Instruments, Melville, NY) using a 650 nm
laser and a 480 nm laser for the microtubules and kinesin, respectively. Images were taken
with an iXON DU897 Ultra EMCCD Camera (Andor Technology, South Windsor, CT) once
every 10 s (exposure time of 50 ms for both channels) for as long as motility was noted. All
experiments were performed at ∼24 ◦C.
5.3 Results
The surfaces needed to be engineered so that kinesin motors would weakly and reversibly
bind to it, unlike a traditional motility assay, where motors are permanently attached to
the surface throughout the experiment. This allows the motors which are not supporting
microtubule motility to be released back into the solution. Free motors in solution can then
be harvested as needed by microtubules and deposited onto the surface. Motors which are
bound to both the surface and the filament will support propel the microtubule forward.
As the microtubule moves, kinesin motors will be left behind on the surface, but without
the microtubule there to stabilize the bond, they will once more be free to leave the surface
and be released into solution (Fig. 5.1). This allows the motors to be recruited as needed
and may result in a more efficient use of resources (i.e. components), as well as component
recycling.
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Figure 5.1: In a traditional gliding assay, kinesin motors are permanently attached to the
surface of the experimental chamber and propel microtubule filaments in a persistent random
walk. In contrast, in the dynamically assembling gliding assay presented here, the kinesin
motors are reversibly bound to the surface and held in place by the microtubule. The
microtubule is propelled forward by the motors attached to both the filament and the surface,
leaving a trail of surface-bound motors behind. Motors which are bound only to the surface
can detach and be recycled in the solution.
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The original strategy for creating a surface to which kinesin motors would bind reversibly
was to use an antibody coating. Because the off-rate of antibody-antigen bonds range from
minutes to hours, by using the correct antibody, it may have been possible to obtain the
desired off-rate of a few minutes. Furthermore, antibody-antigen bonds can be altered by
changing the pH and ionic strength of the buffer. To determine the best antibody, I ran a
series of experiments with various antibody coatings and measured the off-rate of the kinesin
motors in a gliding assay.
The first antibody tested was a goat polyclonal α-GFP antibody (AHP975, AbD Serotec,
Rayleigh, NC), which would bind to the GFP-tag on the kinesin stalk. Microtubule motility
was supported (Fig. 5.2), though most kinesin motors on the surface seemed to be bound
permanently onto the surface (Fig. 5.3). Further experiments also showed that the micro-
tubules were also getting stuck to the surface, regardless of whether or not kinesin motors
were present (Fig. 5.4). To determine if the antibodies were attaching to the fluorescent dye
on the microtubule, experiments were run with TAMRA rhodamine-labeled microtubules
(Cytoskeleton Cat. #TL590M) as well. The behavior of the rhodamine microtubules was
the same — the microtubules would land and bind to the surfaces coated with only anti-
bodies and casein (Fig. 5.5). In flow cells where only casein was used to coat the surface,
this behavior was not noted (Fig. 5.6), thus showing that the microtubules were not binding
to the casein. Since the binding of microtubules to the surface may interfere with motil-
ity, especially at lower surface kinesin motor densities, I decided to try other lines of GFP
antibodies.
Using a different antibody (sheep polyclonal GFP antibody, AbD Serotec Cat. #4745-
1051), a gliding assay was performed with 0.01 mM ATP and 0.5 nM kinesin to evaluate
microtubule motility. The microtubules were propelled by the kinesin motors, but motility
was not always smooth. Furthermore, some short microtubules seemed to be stuck onto
the surface (Fig. 5.7). Further experiments showed that similar to the previous antibodies
tested, the sheep polyclonal antibodies from AbD Serotec also bound the microtubules to
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Figure 5.2: A gliding motility assay run with goat polyclonal antibodies coating the surface
of the flow cell and 0.5 nM kinesin. Each image is a separate frame in the timelapse movie.
The time between subsequent frames is 15 s. Microtubule motility is supported, though
some microtubules are pinned or stuck to the surface.
Figure 5.3: Sample images from a timelapse of the surface of a flow cell coated with goat
polyclonal antibodies and 5 pM kinesin. The majority of the kinesin motors are permanently
attached to the surface. Some fluorescence is lost due to photobleaching.
Figure 5.4: Even in the absence of kinesin motors, microtubules are still able to bind onto
surfaces coated with just goat polyclonal GFP antibodies and casein. This implies that there
is some non-specific interaction between the antibodies and the microtubules.
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Figure 5.5: Even in the absence of kinesin motors, rhodamine microtubules are able to bind
onto surfaces coated with just goat polyclonal GFP antibodies and casein. This implies that
binding interactions are occurring due to the microtubule itself and not the fluorescent dye.
Figure 5.6: Sample images from a timelapse of the surface of a flow cell coated with casein
only. Without antibodies and kinesin, microtubules are unable to land on the surface, instead
drifting in and out of focus.
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Figure 5.7: Sample images from a gliding motility assay run with sheep polyclonal GFP anti-
bodies coating the surface of the flow cell and 0.5 nM kinesin and 0.01 mM ATP. Microtubule
motility is supported, though some microtubules are pinned or stuck to the surface.
Figure 5.8: Even in the absence of kinesin motors, microtubules are still able to bind onto
surfaces coated with just sheep polyclonal GFP antibodies and casein.
the surface (Fig. 5.8).
Using yet another antibody (mouse monoclonal GFP antibody, Pierce, Cat. #MA5-
15256), a gliding assay was performed with 0.01 mM ATP and 0.5 nM kinesin to evaluate
microtubule motility. It was thought that since monoclonal antibodies were produced by
gene expression in bacteria, the results would be more consistent. However, using this batch
of antibody, motility was not supported at all (Fig. 5.9), and further experiments showed
that microtubules were binding to the antibody-coated surface (Fig. 5.10).
The next antibody tested was another mouse monoclonal GFP antibody (9F9.F9) pur-
chased from Abcam (Cat. #ab1218, Cambridge, MA). Again, a gliding assay was performed
with 0.01 mM ATP and 0.5 nM kinesin to evaluate microtubule motility. No microtubules
seemed to land on the surface (Fig. 5.11).
To determine whether the lack of microtubules on the surface was due to there being
too little ATP in solution, another gliding assay was run with 1 mM ATP and 0.5 nM
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Figure 5.9: Sample images from a gliding motility assay run with mouse monoclonal GFP
antibodies coating the surface of the flow cell and 0.5 nM kinesin and 0.01 mM ATP. Micro-
tubule motility is supported, though some microtubules are pinned or stuck to the surface.
Figure 5.10: Even in the absence of kinesin motors, microtubules are still able to bind onto
surfaces coated with just mouse monoclonal GFP antibodies and casein.
Figure 5.11: Sample images from a gliding motility assay run with mouse monoclonal GFP
antibodies coating the surface of the flow cell and 0.5 nM kinesin and 0.01 mM ATP. Micro-
tubules do not land on the surface at all with this antibody coating.
63
Figure 5.12: Sample images from a gliding motility assay run with mouse monoclonal GFP
antibodies coating the surface of the flow cell and 0.5 nM kinesin and 1 mM ATP. Few
microtubules do land on the surface, but those that do land are propelled along the surface.
Figure 5.13: In the absence of kinesin motors, microtubules are unable to bind onto surfaces
coated with just Abcam mouse monoclonal GFP antibodies and casein.
kinesin. Very few microtubules landed, but motility was supported (Fig. 5.12). This seemed
promising, since this implied that microtubules had very weak interactions if any with the
surface. Additionally, it seemed likely that very few kinesin motors were landing on the
surface as well since very few microtubules were landing and motility was quite limited.
To verify that the microtubules were not binding to the Abcam monoclonal mouse anti-
bodies, another experiment was run in which the surfaces of the flow cell were coated with
antibodies and casein, and then microtubules were incubated in the flow cell. Unlike the
antibodies used previously, with the Abcam antibodies, no microtubules were observed to
land (Fig. 5.13)
The next step was to check the kinesin off-rate from the Abcam monoclonal antibodies.
In these experiments, the surface was coated with the antibodies and casein, and a solution
of 5 pM kinesin in antifade solution was incubated in the flow cell for 12 hours. Compared
to the goat polyclonal antibody-coated surface tested, it is immediately clear that there are
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Figure 5.14: Sample images from a timelapse of the surface of a flow cell coated with mouse
monoclonal antibodies (Abcam) and 5 pM kinesin. While there is a population of the
kinesin motors that are permanently attached to the surface, some motors do seem to attach
reversibly to the surface. Some fluorescence is lost over time due to photobleaching.
fewer kinesin motors which land on the surface (Fig. 5.14). There is still a population of
kinesin motors which seem to be permanently attached to the surface, but some motors are
seen to detach from the surface.
Because the microtubules do not bind to the antibody-coated surface and the kinesin
motors did not seem to bind as strongly to these antibodies, the Abcam monoclonal mouse
antibodies were the most promising candidate for a reversibly-binding surface coating. The
next step was to test whether or not kinesin motors would would preferentially bind to
the microtubules. To do this, another flow cell was run with the antibody-casein-coated
surfaces. However, instead of then flowing in and incubating the kinesin solution, the mi-
crotubule solution, and then the antifade solution successively, a mixed solution of kinesin
and microtubules in antifade was used and the edges were sealed with grease. While a few
microtubules did manage to land on the surface, it was not immediately clear that kinesin
motors preferentially bound to the microtubules. The microtubules also were not propelled
over the surface (Fig. 5.15: top row).
To compare these results to one where a GFP signal would be randomly co-localized with
the microtubules, a control was run where 5 pM eGFP instead of 5 pM GFP-kinesin was
used (Fig. 5.15: bottom row). Since eGFP attaches to the antibody and also fluoresces but
does not bind to the microtubules, the results represent expected degree of co-localization of
the GFP signal with the HiLyte647 signal if the GFP were randomly distributed. As seen
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in Figure 5.15, the two image sets are quite similar, meaning that the kinesin motors do not
seem to preferentially co-localize with the microtubules.
To ensure that all of the GFP fluorescence signal was coming from active kinesin motors,
active motors were separated by creating a solution of microtubules and kinesin motors with
1 mM AMP-PNP, a non-hydrolyzable analog of ATP, in antifade solution. The presence
of AMP-PNP allows kinesin motors to bind to microtubules, but prevents the motors from
walking along the microtubule protofilament. This mixture was centrifuged at 5 rcf for 10
minutes and 75 µL of supernatant was removed from the microcentrifuge tube. Afterwards,
75 µL of antifade and 1 mM AMP-PNP was added back into the microcentrifuge tube, and
the tube was inverted 10 times to distribute the kinesin-laden microtubules more evenly
through the solution. A flow cell was then constructed from cleaned coverslips. The Abcam
GFP antibodies and casein coated the surface of the flow cell. Then the solution of micro-
tubules and kinesin was introduced to the flow cell and imaged (Fig. 5.16). There is clear
co-localization of the microtubules (red) and the kinesin (green), indicating that kinesin mo-
tors are indeed binding to the microtubules as expected. The microtubules were observed
to form large bundles and complexes.
After imaging, a solution of 0.01 mM ATP in antifade solution was introduced into the
flow cell and the edges of the flow cell were sealed with grease. The flow cell was imaged
over 10 minutes with 15 s in between each frame (Fig. 5.17). After the introduction of ATP,
kinesin motors begin to move along the microtubules as well as propel the microtubules along
the surface. Microtubules are propelled away from the complex and branch-like structures
emerge. Kinesin motors are also released into solution which is represented by the cloud of
green fluorescent signal which emerges from the microtubule structure.
The established kinesin tracks which were imprinted onto the surface remained over the
course of 60 minutes (Fig. 5.18), indicating that the kinesin off-rate from the surface was
not high enough for temporary tracks to form, thus preventing the recycling of kinesin
motors. Interestingly, these kinesin tracks were able to recruit more microtubules to use
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Figure 5.15: Sample images from timelapses in both 488 nm (GFP) and 647 nm (micro-
tubules) channels flow cell surfaces coated with mouse monoclonal antibodies (Abcam).
Images from a flow cell including both GFP-tagged kinesin and microtubules are shown in
the top row. Images from a flow cell including eGFP and microtubules are shown in the
bottom row. The degree of co-localization of the GFP signal with the microtubules is not
obviously greater in the top row. For both sets of images, the laser power and exposure
time (100 ms) were the same, and the look-up tables (LUTs, i.e. contrast and brightness)
were also adjusted to be the same. The kinesin signal seems brighter, which indicates that
the kinesin motors may be agglomerated. In contrast, the flow cell run with eGFP seems to
have a brighter background which indicates that some dyes near but not at the surface are
fluorescing. Very few microtubules are attached to the surface in both flow cells, which is
expected due to the lack of interaction noted between the microtubules and the antibodies.
67
Figure 5.16: Active kinesin motors were isolated from inactive motors by mixing microtubules
(red) and kinesin (green) with 1 mM AMP-PNP, which allows the kinesin motors to bind
to but not move along the microtubules. The kinesin motors are clearly binding to the
microtubules as seen by the co-localization of the HiLyte647 and GFP signals. However, the
microtubles remain bundled together in large complexes.
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Figure 5.17: Active kinesin motors (green) are released from the microtubules (red) by
introducing a solution of 0.01 mM ATP in antifade solution. With the addition of ATP, the
kinesin motors are able to move on top of and detach from the microtubules. The detached
motors diffuse away from the structure. Some of these motors then bind to the surface
of the flow cell and are able to propel microtubules away from the bundle structure. The
microtubules then leave the structure in branch-like structures.
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Figure 5.18: The kinesin motor (green) tracks laid down by microtubules at the beginning of
the assay remain on the surface for at least 60 minutes after the introduction of ATP. These
tracks can propel microtubules (red) forward, though some fragments of microtubules are
stuck to them. This shows that the kinesin motors are bound for too long on the antibody-
coated surface, and a weaker interaction is needed for the realization of the envisioned system.
them. However, these results indicate that the interaction between the kinesin motors and
the antibodies needed to be weakened in order for the whole self-assembling kinesin track
system to work.
In order to weaken the bond, various buffers and experimental conditions were tested.
For comparison, first an assay was run in BRB80 buffer. The surfaces of the flow cell were
first coated with a solution containing casein and antibodies. This was washed out with
a solution of casein, which was incubated in the flow cell for 5 minutes. Then a solution
of microtubules and kinesin in 1 mM AMP-PNP and antifade solution was flowed into the
chamber and incubated for 10 minutes. This allowed kinesin motors to settle onto the
microtubules and the microtubules to settle onto the surface. Afterwards, 0.01 mM ATP
in antifade solution was introduced allowing the kinesin motors to propel the microtubules.
The edges of the flow cell were then sealed, and the surface of the flow cell is imaged over
4 hours (Fig. 5.19). While the microtubules start out with a higher density of motors than
the surface, over time, the motors leave the microtubule and are not replaced, resulting in
a decrease in fluorescence intensity in the 488 nm channel. Many microtubules leave the
surface, though a few are stuck in place. Furthermore, the kinesin motors on the surface do
not seem to be detaching at an appreciable rate.
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Figure 5.19: The surface of a flow cell is coated with Abcam monoclonal mouse GFP anti-
bodies and casein before kinesin motors bound to microtubules with AMP-PNP are adsorbed
to the surface. After the introduction of ATP, the kinesin motors (green) are initially more
densely situated on the microtubules (red) than elsewhere on the surface. The motors can
propel microtubules forward on the surface. Over time, kinesin motors leave the microtubules
resulting in a decrease in the green fluorescence signal on the microtubule. However, motors
which are attached to the surface seem to stay attached to the surface for a long time. This
shows that the microtubule is unable to recruit kinesin motors from the solution in order to
continue creating its own track. This is likely because all kinesin motors are bound to the
surface permanently, and there is no population of free kinesin motors in solution.
The inclusion of the detergent Triton-X was predicted to competitively inhibit the inter-
action between the antibodies and the glass surface, and thus interfere with the attachment
between the kinesin and the surface. In this experiment, the solution containing the anti-
bodies and casein included 0.01% Triton-X. The rest of the solutions remained the same as
in the previous experiment, and the solution exchange in the flow cell remained the same. In
comparison to assays run without Triton-X, fewer kinesin motors landed on the surface, and
thus, fewer microtubules landed. Very little motility was supported (Fig. 5.20); once the
microtubules had been propelled off of the few kinesin motor which held it on the surface,
they detached completely and floated off into solution. However, the kinesin motors did not
seem to be leaving the surface at a higher rate than without the detergent.
It was expected that using a low salt buffer would alter the off-rate because less electro-
static shielding would occur, though it was not clear how the off-rate would be altered. To
determine this, we ran an assay with low salt buffer. In this experiment, instead of BRB80
buffer, BRB20 buffer was used. Except for that, all other solution preparations were kept
the same as in the previous experiment described. A greater number of microtubules are
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Figure 5.20: The surface of a flow cell is coated with Abcam monoclonal mouse GFP anti-
bodies, casein, and Triton-X before kinesin motors bound to microtubules with AMP-PNP
are adsorbed to the surface. Unlike the previous assay, after the introduction of ATP, the
kinesin motors (green) are not noticeably more densely situated on the microtubules (red)
than elsewhere on the surface. The motors are still able to propel microtubules forward on
the surface, though there are far fewer of them on the surface, so motility is not sustained.
Over time, motors which are attached to the surface seem to stay attached to the surface.
Even though there are fewer motors on the surface, microtubules are still unable to recruit
kinesin motors from the solution in order to continue creating their own tracks. This is likely
because most excess kinesin motors are flushed out when the ATP solution is introduced into
the flow cell, and very few kinesin motors ever unbind from the surface. Consequently, there
is very little free kinesin motors in solution to be recruited by the microtubules.
able to land on the surface compared to the BRB80 assay (Fig. 5.21), which implies that
either there are more kinesin motors on the surface which can bind to microtubules, or that
the microtubules themselves are interacting with the surface. The kinesin off-rate from the
surface is not noticeably changed by using the low salt buffer, and thus is too low for our
purposes.
A higher pH was also expected to alter the interaction between the kinesin and the
surface. To test the effects of increased pH, we used BRB80 prepared with HEPES which
raises the pH of the buffer to 7.4. All other solution preparations and solution flows in
the flow cell remained the same. While motility is supported, the residence time of the
kinesin motors does not seem to decrease significantly enough to make the combination of
the antibody/casein/Triton-X coating in BRB80 with HEPES a viable surface coating (Fig.
5.22).
We decided to try other antibodies. In particular, we experimented with YFP (yellow
fluorescent protein, rabbit polyclonal, BioVision Cat. #3991-100) and CFP (cyan fluorescent
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Figure 5.21: The surface of a flow cell is coated with Abcam monoclonal mouse GFP anti-
bodies, casein, and Triton-X before kinesin motors bound to microtubules with AMP-PNP
are adsorbed to the surface. The whole assay is run with BRB20 (low salt) buffer instead
of BRB80 buffer. Initially, the kinesin motors (green) are more densely situated on the mi-
crotubules (red) than elsewhere on the surface. The motors are able to propel microtubules
forward on the surface (not shown), but many of the microtubules get stuck. Over time,
motors which are attached to the just the microtubule move along the microtubule before
detaching. Motors which are bound to the surface seem to stay attached to the surface.
Microtubules are unable to recruit kinesin motors from the solution in order to continue
creating their own tracks.
Figure 5.22: The surface of a flow cell is coated with Abcam monoclonal mouse GFP anti-
bodies, casein, and Triton-X before kinesin motors bound to microtubules with AMP-PNP
are adsorbed to the surface. The buffer used in this assay contains HEPES, which raises the
pH of the buffer to 7.4. Initially, the kinesin motors (green) are more densely situated on
the microtubules (red) than elsewhere on the surface. The motors are able to propel some
microtubules forward on the surface, though some get stuck and others leave the surface.
Over time, motors which are attached to the surface seem to stay attached to the surface.
Microtubules are still unable to recruit kinesin motors from the solution in order to continue
creating their own tracks.
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Figure 5.23: Even in the absence of kinesin motors, microtubules are still able to bind onto
surfaces coated with just polyclonal YFP antibodies or CFP antibodies and casein after 10
minutes of incubation.
protein, rabbit polyclonal, BioVision Cat. #5986-100) antibodies. It was believed that the
slight mismatch in the dyes may lead to weaker binding between the antibody and the GFP-
tag. Based on previous results, microtubule landing on antibody/casein-coated surfaces were
tested. In both cases, microtubules were found to attach to the antibody-coated surface (Fig.
5.23), though there were fewer microtubules compared to the GFP antibody-coated surfaces.
We also tested tetra-histidine (mouse monoclonal, Qiagen Cat. #34670) and penta-
histidine (mouse monoclonal, Qiagen Cat. #34660) antibodies, which instead of binding to
the GFP-tag on the kinesin tail, bind to the hexahis-tag on the kinesin tail. Microtubules
were found to bind to the tetra-histidine (4His) antibodies readily, but not to the penta-
histidine (5His) antibodies. The 5His antibodies supported motility, but the kinesin motors
seemed permanently attached to the surface. There was no clear preferential co-localization
of kinesin motors on the microtubules (Fig. 5.24).
Since the 5His antibodies were the most promising from the second set of antibodies
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Figure 5.24: While the penta-his-antibody coated surface did not seem to bind microtubules
to the surface, it did support motility. However, the kinesin off-rate did not seem appre-
ciable. Furthermore, there was no obvious preferential binding of the kinesin motors to the
microtubules.
tested, flow cells were run with different experimental and buffer conditions. First, a control
was run with BRB80 buffer (Fig. 5.25) as a basis for comparison. Then, we ran a series
of experiments in which the buffer conditions were changed. It was again found that the
inclusion of Triton-X detergent decreased the population of kinesin on the surface (Fig. 5.26),
using low salt buffer (BRB20) increased the interaction between the microtubules and the
surface and also seemed to increase the interaction between the kinesin and the surface (Fig.
5.27), and using high pH buffer decreased the interactions, but not sufficiently for the motors
to be recruited by the microtubules for track formation (Fig. 5.28).
None of the conditions tested for any of the antibodies allowed for sufficiently reversible
binding of the kinesin motors. We decided against altering the ionic strength and pH of
the buffer much further because these parameters also affect the interaction between the
kinesin and microtubules. Instead, we then tried to use a surface coating of Pluronic F108
functionalized with nitrilotriacetic acid (NTA). The NTA is a chelating agent and forms
complexes with positively charged ions such as nickel (II) and cobalt (II). By including
nickel sulfate solution into the flow cell, the NTA groups chelated the nickel ions forming a
complex to which the histidine (His)-tagged kinesin motors could reversibly bind (Fig. 5.29).
The kinesin-NTA off-rate has an experimentally determined off-rate of 6 min−1 in low
ionic strength (BRB20) buffer and 3 min−1 in high ionic strength (BRB80) buffer. The
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Figure 5.25: The surface of a flow cell is coated with monoclonal mouse penta-histidine
antibodies and casein before kinesin motors bound to microtubules with AMP-PNP are
adsorbed to the surface. After the introduction of ATP, the kinesin motors (green) are
initially more densely situated on the microtubules (red) than elsewhere on the surface.
The motors can propel microtubules forward on the surface, though some microtubules are
stuck. Over time, kinesin motors leave the microtubules resulting in a decrease in the green
fluorescence signal on the microtubule. There is evidence that microtubules deposit kinesin
tracks on the surface. However, motors which are attached to the surface seem to stay
attached to the surface for a long time, and the microtubule is unable to recruit kinesin
motors from the solution in order to continue creating its own track. This is likely because
all kinesin motors are bound to the surface permanently, and there is no population of free
kinesin motors in solution.
Figure 5.26: The surface of a flow cell is coated with monoclonal mouse penta-histidine
antibodies, casein, and Triton-X before kinesin motors bound to microtubules with AMP-
PNP are adsorbed to the surface. Far fewer motors are and microtubules are attached to the
surface. The motors are still able to propel microtubules forward on the surface, but motility
is not sustained over time. Motors which are attached to the surface seem to stay attached
to the surface for a long time. Microtubules are still unable to recruit kinesin motors from
the solution in order to continue creating their own tracks.
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Figure 5.27: The surface of a flow cell is coated with monoclonal mouse penta-histidine
antibodies, casein, and Triton-X before kinesin motors bound to microtubules with AMP-
PNP are adsorbed to the surface. The whole assay is run with BRB20 (low salt) buffer
instead of BRB80 buffer. Compared to the previous assay, more microtubules (red) and
kinesin motors (green) land on the surface. Initially, there is a higher density of kinesin
motors on the microtubules than elsewhere on the surface. The motors are able to propel
microtubules forward on the surface, but many of the microtubules get stuck. Over time,
motors which are attached to the just the microtubule move along the microtubule before
detaching. Most motors which are bound to the surface seem to stay attached to the surface.
Microtubules are unable to recruit kinesin motors from the solution in order to continue
creating their own tracks.
Figure 5.28: The surface of a flow cell is coated with monoclonal mouse penta-histidine
antibodies, casein, and Triton-X before kinesin motors bound to microtubules with AMP-
PNP are adsorbed to the surface. The buffer used in this assay contains HEPES, which
raises the pH of the buffer to 7.4. Far fewer motors (green) and microtubules (red) land
on the surface. The motors are able to propel some microtubules forward on the surface,
though most get stuck. Most motors seem to stay attached to the surface for a long time.
Microtubules are unable to recruit kinesin motors from the solution in order to continue
creating their own tracks.
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Figure 5.29: In order to create this reversibly binding surface, the surface is coated with
Pluronic F108, functionalized with Ni-NTA. The Ni-NTA complex interacts weakly with the
histidine-tagged GFP-kinesin fusion protein.
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chosen concentration of adenosine triphosphate (ATP) determines the velocity at which the
kinesin motors propel the HiLyte647-labeled microtubule. A trail of kinesin motors is clearly
left behind the microtubule, and over time, the trail is seen to disassemble (Fig. 5.30).
Figure 5.31 contains series of time lapse images of microtubules being propelled in the
assays run at various points in time. The images are taken from the flow cells in which the
maximum velocities of the microtubules were observed for each kinesin concentration. As
expected, since the microtubules must have enough time to deposit kinesin motors onto the
surface, higher kinesin concentrations support higher gliding velocities (see Section 5.5.4:
Maximum sustainable velocity).
Not only are the kinesin motors recruited to the surface, but also kinesin trails can
recruit other microtubules laden with kinesin, and thereby reinforce themselves (Fig. 5.32—
5.34). Thus, recruitment of building blocks occurs on multiple levels. In order for the new
microtubule to be recruited, we observe that the density motors on the trail must be at least
0.6 times the density on a microtubule. At lower densities, the microtubule will more likely
deposit its own kinesin trail. Furthermore, microtubules often join each other as they move
along and use the same trail simultaneously (Fig. 5.34). It is unclear whether this is due to
interactions between the microtubules, or if this is solely due to the presence of kinesin on
the surface.
In comparison, running the flow cell in the absence of nickel ions drastically reduced the
binding of kinesin to the surface (Fig. 5.35). In these experiments, all of the solutions flowed
into the cell were exactly the same as the solutions used for the experiments described above,
except that NiSO4 was not included. Without the NiSO4, the NTA groups cannot form the
Ni-NTA chelation complex to which the Histidine-tagged kinesin motors bind. Though the
microtubules are still able to collect kinesin from the solution and diffuse to the surface, the
interaction between the surface and the kinesin is too weak to hold the microtubule in place,
and the kinesin tracks cannot be deposited.
To determine if having the microtubules assemble the kinesin track dynamically would
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Figure 5.30: A HiLyte647-labeled microtubule (red) laden with GFP-kinesin motors (green)
is propelled along the surface. As the microtubule moves, it leaves a kinesin (green) trail
behind, which disappears in less than 2 min.
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Figure 5.31: The ATP concentration was varied to find the maximum sustained velocity
at each concentration of kinesin. For 5 nM, 0.5 nM, and 0.05 nM kinesin, the maximum
observed velocity was 590 ± 10 nm/s, 110 ± 3 nm/s, and 20 ± 1 nm/s, respectively. Motility
is sustained for the maximum amount of time over which the assay functions (>10 hours
for 5 nM kinesin, 4 hours for 0.5 nM kinesin, and 1 hour for 0.05 nM kinesin). Contrast is
adjusted to provide clearer viewing of the kinesin trail.
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Figure 5.32: A microtubule (red) initially following another microtubule leaves the pre-
established kinesin trail (green) before joining another one. The presence of the higher
density kinesin trail effectively allows the microtubule to make a sharp turn, which would
be highly unlikely to occur in a normal motility assay due to the high flexural rigidity of
the microtubule and the presence of motors distributed all over the surface. This shows
that microtubules are able to establish tracks, which then influence the future trajectories of
other microtubules. This is reminiscent of ant trails where individual foraging ants deposit
a chemical trail, which encourages other ants to follow them.
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Figure 5.33: Another example of a microtubule being propelled on a pre-established kinesin
trail. Here, the trailing microtubule is propelled slower than the leading one, and the gap
between the two microtubules widen over time. The same images are displayed in both
channels simultaneously, kinesin channel (488 nm), and microtubule channel (647 nm). The
white dotted circle indicates the gap between the two microtubules. It is not clear why the
microtubule speeds differ.
allow for a more efficient allocation of resources as compared to a traditional, static gliding
assay, we prepared a flow cell in which kinesin motors would bind permanently to the surface
via anti-PentaHis antibodies. A solution containing the lowest concentration of kinesin at
which motility was observed in the Pluronic-Ni-NTA coated surfaces (0.05 nM) was incu-
bated in the flow cell for 10 minutes before microtubules and ATP were introduced into the
system. While microtubules are able to approach the surface, they very rarely land, and the
microtubules which do manage to land are never propelled (Fig. 5.36).
The motor density co-localized with the microtubule is higher than the surroundings in
the Pluronic-NTA surface. This suggests that having the microtubules assemble the kinesin
trail results in more kinesin motors attaching to the surface in a useful configuration, and
places the motors where they can propel the microtubule, though it must be done slowly.
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Figure 5.34: A shorter microtubule leaves the trail established by the longer microtubule
for a while before rejoining the trail again, this time co-localized with the trail-establishing
microtubule. The white arrow points to the break between the two microtubules.
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Figure 5.35: Microtubules fail to land on a Pluronic-NTA coated surface without nickel (II)
ions while microtubule motility is supported on a Pluronic-Ni-NTA coated surface. Top
row: the surface of flow cell without NiSO4 which includes 0.25 nM kinesin, microtubules,
0.01 mM ATP, an ATP regenerating system, and antifade solution. Bottom row: a flow cell
run with NiSO4 using the same solutions. All images have the same look-up table (LUT)
settings.
5.4 Modeling
Several simple models of the experimental set-up were explored. In the first model, kinesin
motor in the solution (Mfree) first binds to the microtubule filament at rate k1. The filament-
bound motor (MF) can either unbind from the microtubule at rate k−1 or be deposited onto
the surface at rate k2, becoming bound to both the filament and the surface (MF, S). Once
the kinesin motor is bound to the surface, it will not leave the surface until the microtubule
has completely passed over it: the microtubule will hold the kinesin motor near the surface in
the event that the motor unbinds from the surface, and therefore allow it to rebind quickly.
Once the microtubule has passed the kinesin motor, it becomes bound only to the surface
(MS) at the velocity-dependent rate k3, and is free to leave the surface at rate k4 once again
becoming Mfree (Eq. 5.1).
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Figure 5.36: The ability for microtubules to assemble kinesin together to form a track allows
for motility at low motor concentrations which do not support motility in a traditional static
gliding assay. Top row: A flow cell created with Pluronic-Ni-NTA coated coverslips run with
0.05 nM kinesin, microtubules, ATP, an ATP regenerating system, and antifade solution.
Bottom row: An antibody-coated surface run with the same concentrations of kinesin, mi-
crotubules, and ATP in an ATP regenerating system and antifade solution. Contrast has








Given this model, a set of differential equations is obtained:
dc
dt
= −k1c+ k−1ρf + k4ρs (5.2)
dρf
dt
= k1c− k−1ρf − k2ρf (5.3)
dρf, s
dt
= k2ρf − k3ρf, s (5.4)
dρs
dt
= k3ρf, s − k4ρs (5.5)
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where c is the concentration of free kinesin motors in solution, ρf is the linear density of
kinesin attached to the microtubule, ρf, s is the linear density of kinesin attached to both the
filament and the surface, and ρs is the linear density of kinesin bound to just the surface.
There are two velocity dependent rate constants in this model: k−1 and k3. It is known
that kinesin motors have a velocity independent run-length. Thus, we assume that k−1 =
v
Lrun
. Similarly, the rate at which the kinesin motors are left behind is dependent on the
length of the microtubule and is approximated by: k3 ≈ vLMT .
For motility to be sustained, the system must be at a steady-state. Assuming that a
minimum motor density of ρf, s = ρmin = 1 µm
−1 is necessary for sustained motion of the








Based on this model at steady-state, it is also possible to get expression for the expected
fluorescence intensity of the kinesin population along the microtubule. The total fluorescence
intensity of the kinesin channel along the microtubule is the sum of the fluorescence intensity
of the kinesin which is attached to only the microtubule and the fluorescence intensity of the
kinesin which is attached to both the microtubule and the surface.
Itot = IF + IF, S (5.7)
The fluorescence intensity is related to the number of kinesin by a conversion factor, f .
Thus, solving for the steady-state population of the kinesin in state MF and MF, S will lead to
the fluorescence intensity profile along the microtubule. While the above equations describe
the steady-state bulk concentration and densities of the kinesin states, here it is necessary
to examine the spatial distribution as follows.
The per unit length adsorption of kinesin onto the microtubule is given by k1c. The
off-rate of the kinesin per unit length is given by k−1ρf(x) =
v
Lrun
ρf(x). Kinesin motors which
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are only attached to the microtubule will walk towards the back, and the per unit length
flux of motors will be v ∂ρf
∂x
. The kinesin attached to both the microtubule and the surface
will also propel the microtubule forward, resulting in a change in the kinesin distribution
along the microtubule at rate v
∂ρf, s
∂x



























Solving for ρf, s, assuming that ρf, s(0) = 0, we obtain
ρf, s(x) = −
k1k2LMTLrunc
v2
(1− exp [− vx
Lrun(k2LMT + v)
]) (5.11)




(1− exp [− vx
Lrun(k2LMT + v)
]) (5.12)




(1− exp [− vx
Lrun(k2LMT + v)
]) (5.13)
which is of the form A (1− exp [Bx]). As an aside, if we differentiate the above with respect










A second model was developed as an alternative to the first. In this model, the free kinesin
population (Mfree) can either bind to the top of the microtubule at rate k1 or to the bottom of
the microtubule at rate k2. If the kinesin is bound to the top (MF), it will be able to detach
from the microtubule at rate k−1. However, if the kinesin motor is bound to the bottom of
the microtubule, it will also immediately bind to the surface, transforming to MF, S. This is
supported by the fact that it will take very little time for the tail of the kinesin motor to
diffuse to the surface once it is attached to the microtubule. Motors which are bound to both
the filament and surface will continue to be doubly-bound until the microtubule completely
passes over the motor. As in the previous case, once the microtubule has passed the kinesin
motor, it becomes bound only to the surface (MS) at the velocity-dependent rate k3, and is









This model results in these differential equations:
dc
dt
= −k1c+ k−1ρf − k2c+ k4ρs (5.16)
dρf
dt
= k1c− k−1ρf (5.17)
dρf, s
dt
= k2ρf − k3ρf, s (5.18)
dρs
dt
= k3ρf, s − k4ρs (5.19)
At steady-state, assuming a minimum motor density of ρf, s = ρmin = 1 µm
−1 is necessary
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for sustained motion of the microtubule, and that k3 =
v
LMT
, it is possible to solve for the





Using this model, it is also possible to solve for the expected fluorescence intensity along
the length of the microtubule. The per unit length adsorption of kinesin onto the microtubule




Kinesin motors which are only attached to the microtubule will walk towards the back, and
the per unit length flux of motors will be v ∂ρf
∂x
. Thus, the flux per unit length of microtubule









Kinesin motors can also attach to both the surface and the microtubule, and the per unit
length adsorption of kinesin motors to the bottom of the microtubule is given by k2c. The
kinesin attached to both the microtubule and the surface will also propel the microtubule
forward, resulting in an apparent per unit length flux of kinesin of v
∂ρf, s
∂x
. Thus, the flux per







Adding the two equations together, we obtain the expression for the flux per unit length
of microtubule for the total kinesin population attached to the microtubule:
∂ρtot
∂t









At steady-state, the kinesin profiles along the microtubule of each population (Mf and
Mf, s are independent and constant. By rearranging Eq. 5.21, and solving the resulting
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The profile of the total kinesin population along the microtubule is given by the sum of





















+ Bx. As an aside, if we differentiate the






The third and simplest model explored assumes that any kinesin motor in solution will
join the trail, binding to both the filament and the surface at rate k1. Again, once the
motor is bound to both the surface and microtubule, it will continue until the microtubule
completely passes over it. It then becomes bound only to the surface (MS) at the velocity-






This model results in these differential equations:
dc
dt
= −k1c+ k3ρs (5.28)
dρf, s
dt




= k2ρf, s − k3ρs (5.30)
Again, solving for the maximum steady-state velocity, by rearranging Eq. 5.29, assuming
a minimum motor density of ρf, s = ρmin = 1 µm
−1 is necessary for sustained motion of the
microtubule, and that k2 =
v
LMT





In this model, only one motor species, MS, F is taken to contribute to the brightness along
the microtubule. The per unit length adsorption of kinesin onto the microtubule is given




. These being the only two contributions to the kinesin flux per unit length












which is of the form Ax, with the differential with respect to x being just the constant A.
For all three models discussed, the brightness of the kinesin trail left behind by the
microtubule has the same expression:






where x0 is the velocity divided by the off-rate of kinesin from the surface.
The following section contains analysis of the experimental results, which allows us to
determine which model best describes the system.
93
5.5 Analysis
At times t = 0 min and t = 30 min, the signal intensities of both the 488 nm and 647 nm
channel were recorded along the whole length of assembled kinesin tracks. All tracks which
were analyzed were created by a single microtubule, and not from a microtubule bundle.
The tracks chosen for analysis did not have any obvious confounding factors, e.g. clumps of
kinesin, microtubule bundling, etc.
5.5.1 Kinesin signal along the length of the assembled track
The fluorescence intensity from the 488 nm channel was recorded along the length of the
microtubule (Fig. 5.37) and along the length of the trail (Fig. 5.38). The intensities
recorded were the average over 11 pixels across the microtubule, i.e. the integrated intensity
over divided by 11. To smooth out the noise, a running average over 5 pixels (0.8 µm) was
taken.
For the first model discussed, the intensity profile along the length of the microtubule
was predicted to have the form A (1− exp [Bx]). This curve was fit to the running average
data, with the results of the fitting as well as the length of each microtubule, LMT reported
in Tables 5.1 and 5.2 for BRB80 and BRB20 buffer conditions, respectively. The average of
the parameters as well as the global fits for all data points are also reported. The fits often
did not converge, especially for shorter microtubules.
Obtaining these two fit parameter values is not sufficient to solve for the three unknowns
(k1, k2, Lrun) of the model. To obtain a third parameter, the trail left behind by the micro-
tubule must be analyzed.






where C is ρf, s(LMT).
The values for the fit parameter C are reported in Table 5.3. Only the trails left behind
by microtubules with convergent fits were analyzed.
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Figure 5.37: Fluorescence intensity from the 488 nm channel was recorded along the length
of the microtubule. The intensities reported are the running average of the mean intensity
over 11 pixels across the microtubule, over 5 pixels along the length of the microtubule.
The intensity profiles are fit to characteristic curves for each model (Model 3 shown here) to
obtain estimates for the rate constants.
95
Figure 5.38: Fluorescence intensity from the 488 nm channel was recorded along the length
of the trail left behind the microtubule. The intensities reported are the running average of
the mean intensity over 11 pixels across the microtubule, over 5 pixels along the length of
the microtubule. The intensity profiles are fit to a characteristic exponential decay to obtain
an estimate for rate constants.
96
Time MT LMT (µm) A B (µm
−1)
0 min 1 6.88 — —
0 min 2 13.28 5000 ± 1000 0.07 ± 0.03
0 min 3 3.36 — —
0 min 4 8.96 — —
0 min 5 9.28 3800 ± 300 0.76 ± 0.10
0 min 6 8.64 — —
0 min 7 22.24 3000 ± 600 0.05 ± 0.02
0 min 8 13.92 — —
0 min 9 5.92 2200 ± 200 0.7 ± 0.2
0 min 10 12.00 3600 ± 400 0.16 ± 0.05
0 min Average 10.4 ± 1.7 3500 ± 300 0.35 ± 0.05
0 min Global 10.4 ± 1.7 3400 ± 100 0.15 ± 0.02
30 min 1 11.36 2900 ± 100 0.21 ± 0.03
30 min 2 6.08 2600 ± 200 0.23 ± 0.05
30 min 3 5.92 — —
30 min 4 19.20 3100 ± 200 0.13 ± 0.02
30 min 5 22.56 — —
30 min 6 22.72 — —
30 min 7 13.44 2300 ± 200 0.16 ± 0.04
30 min 8 5.28 6300 ± 2800 0.13 ± 0.08
30 min 9 11.68 3100 ± 200 0.31 ± 0.04
30 min 10 8.80 — —
30 min Average 12.7 ± 2.1 3400 ± 500 0.20 ± 0.02
30 min Global 12.7 ± 2.1 2900 ± 100 0.17 ± 0.01
Table 5.1: Fit parameters for kinesin track intensities along the microtubule for Model
1 at 0.5 nM kinesin in BRB80 buffer. Dashes indicate that fit did not converge for the
microtubule.
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Time MT LMT (µm) A B (µm
−1)
0 min 1 5.76 4000 ± 200 0.42 ± 0.09
0 min 2 8.16 — —
0 min 3 8.96 — —
0 min 4 14.24 3100 ± 200 0.22 ± 0.04
0 min 5 11.20 3100 ± 100 0.26 ± 0.04
0 min 6 7.52 — —
0 min 7 6.88 — —
0 min Average 9.0 ± 0.9 3400 ± 100 0.30 ± 0.04
0 min Global 9.0 ± 0.9 3200 ± 100 0.17 ± 0.02
30 min 1 4.16 1900 ± 100 0.54 ± 0.10
30 min 2 2.88 — —
30 min 3 7.20 — —
30 min 4 6.72 2200 ± 100 0.26 ± 0.04
30 min 5 3.36 — —
30 min 6 14.88 1500 ± 100 0.44 ± 0.03
30 min 7 23.36 1600 ± 100 0.22 ± 0.02
30 min 8 3.04 2700 ± 600 0.10 ± 0.03
30 min 9 3.2 — —
30 min 10 5.76 1700 ± 300 1.2 ± 0.3
30 min 11 3.68 — —
30 min Average 7.1 ± 2.0 2000 ± 100 0.46 ± 0.09
30 min Global 7.1 ± 2.0 1580 ± 40 0.28 ± 0.02
Table 5.2: Fit parameters for kinesin track intensities along the microtubule for Model 1
at 0.25 nM kinesin for BRB20 buffer. Dashes indicate that fit did not converge for the
microtubule.
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Lrun (k2LMT + v)
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(5.37)
















Because there were so few microtubules and trails which both resulted in satisfactory
fits, we calculate the rate constants from the global fits to be k1 = 2.7 ± 1.2 nM−1µm−1s−1,
k2 = 0.02 ± 0.01 s−1, and Lrun = 1.2 ± 0.3 µm for BRB80. The fit parameters obtained for
BRB20 often resulted in negative rate constants and run lengths. Thus, instead, we report
the average for all non-negative results for the calculated rate constants to be k1 = 13 ±
3 nM−1µm−1s−1, k2 = 0.2 ± 0.1 s−1, and Lrun = 0.3 ± 0.1 µm. The run-length in BRB80
buffer is a little higher than previously reported (∼0.8 µm), while the run-length in BRB20
is lower than expected.
The kinesin off-rate from the surface can be estimated from the characteristic decay
length of the trail: x0 =
v
koff
. The surface off-rate in BRB80 buffer is estimated to be about
0.047 ± 0.003 s−1. The surface off-rate in BRB20 buffer is estimated to be about 0.096 ±
0.009 s−1.
For the second model discussed, the intensity profile along the length of the microtubule
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Buffer Time MT C x0 (µm)
BRB80 0 min 2 2000 ± 100 12 ± 2
BRB80 0 min 5 4300 ± 200 2.9 ± 0.4
BRB80 0 min 7 — —
BRB80 0 min 9 — —
BRB80 0 min 10 — —
BRB80 0 min Average 3200 ± 100 7 ± 1
BRB80 0 min Global 1800 ± 200 2.0 ± 0.4
BRB80 30 min 1 3000 ± 100 1.9 ± 0.2
BRB80 30 min 2 2600 ± 200 1.0 ± 0.2
BRB80 30 min 4 2700 ± 100 2.8 ± 0.3
BRB80 30 min 7 — —
BRB80 30 min 8 3600 ± 100 1.4 ± 0.1
BRB80 30 min 9 3200 ± 100 2.7 ± 0.3
BRB80 30 min Average 3140 ± 40 2.0 ± 0.1
BRB80 30 min Global 1800 ± 200 3.1 ± 0.3
BRB20 0 min 1 — —
BRB20 0 min 4 2600 ± 100 3.1 ± 0.3
BRB20 0 min 5 — —
BRB20 0 min Average 2600 ± 100 3.1 ± 0.3
BRB20 0 min Global 2800 ± 100 3.1 ± 0.3
BRB20 30 min 1 1600 ± 100 0.8 ± 0.1
BRB20 30 min 4 2100 ± 100 1.5 ± 0.1
BRB20 30 min 6 1300 ± 100 1.4 ± 0.1
BRB20 30 min 7 1900 ± 100 1.0 ± 0.2
BRB20 30 min 8 950 ± 10 0.9 ± 0.1
BRB20 30 min 10 — —
BRB20 30 min Average 1590 ± 40 1.6 ± 0.1
BRB20 30 min Global 1600 ± 100 0.7 ± 0.1
Table 5.3: Fit parameters for kinesin track intensities along the trail left behind by the
microtubule for Model 1 at 0.5 nM kinesin for BRB80 buffer and 0.25 nM kinesin for BRB20
buffer. Dashes indicate that no good fit was found for the trail.
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Time MT A B (µm−1) Lrun
0 min 1 0 350 1.2
0 min 2 300 0 20
0 min 3 0 130 4.0
0 min 4 0 480 1.0
0 min 5 1000 0 2.3
0 min 6 1800 ± 1800 170 ± 50 0.5 ± 0.6
0 min 7 130 0 30
0 min 8 0 100 0.5
0 min 9 750 0 2.4
0 min 10 0 160 5.9
0 min Average 400 ± 600 140 ± 160 7 ± 10
0 min Global 360 0 5.7
30 min 1 240 ± 50 140 ± 90 4 ± 4
30 min 2 530 0 5
30 min 3 2000 ± 1800 290 ± 20 0.2 ± 0.2
30 min 4 310 0 10
30 min 5 0 210 1.4
30 min 6 0 210 1.6
30 min 7 750 ± 190 110 ± 20 1.3 ± 0.5
30 min 8 0 570 2.4
30 min 9 710 ± 90 100 ± 50 2.4 ± 0.9
30 min 10 2400 ± 1900 200 ± 20 0.3 ± 0.3
30 min Average 700 ± 800 180 ± 160 2.8 ± 2.9
30 min Global 490 ± 110 160 ± 5 1.3 ± 0.3
Table 5.4: Fit parameters for kinesin track intensities along the microtubule for Model 2 at
0.5 nM kinesin in BRB80 buffer. Parameters reported without errors are cases in which the
fit was over-parametrized.







+ Bx. This expression was fit to
the running average data, with the results of the fitting reported in Table 5.4 and 5.5 for
BRB80 and BRB20 buffer conditions, respectively. The average parameter values as well as
the global fits for all data are also reported. The majority of the profiles do not have enough
data to distinguish the exponential and linear grown, and therefore most fits did not obtain
values for all three parameters. In these cases, where the curve was over-parametrized, values
are reported without errors.
In this model,
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Time MT A B (µm−1) Lrun
0 min 1 1700 0 2.9
0 min 2 0 400 2.0
0 min 3 0 320 0.6
0 min 4 640 0 4.7
0 min 5 710 0 4.3
0 min 6 960 ± 370 210 ± 10 0.5 ± 0.2
0 min 7 — — —
0 min Average 670 ± 630 150 ± 180 2.5 ± 1.8
0 min Global 600 0 5.2
30 min 1 0 340 1.0
30 min 2 0 660 2.9
30 min 3 310 ± 300 100 ± 10 0.46 ± 0.54
30 min 4 270 0 20
30 min 5 — — —
30 min 6 370 0 3.1
30 min 7 450 ± 30 1.1 ± 8.7 3.9 ± 0.6
30 min 8 0 200 0.9
30 min 9 0 370 0.9
30 min 10 960 ± 300 100 ± 60 0.8 ± 0.5
30 min 11 0 420 0.8
30 min Average 240 ± 310 190 ± 170 3.5 ± 6.3
30 min Global 370 ± 20 34 ± 6 3.0 ± 0.4
Table 5.5: Fit parameters for kinesin track intensities along the microtubule for Model 2 at
0.25 nM kinesin in BRB20 buffer. Parameters reported without errors are cases in which











Since very few of the fits were satisfactory, the global fits obtained for the two buffers at
30 min were used to estimate the rate constants k1 and k2. Solving the equations, we find
that k1 = 2.6 ± 1.2 nM−1 µm−1 s −1 and k2 = 0.8 ± 0.4 s−1 for BRB80, and k1 = 5.8 ± 2.5
nM−1 µm−1 s −1 and k2 = 0.5± 0.3 s−1 for BRB20.
For the third model discussed, the intensity profile along the length of the microtubule
was predicted to have the form Ax (linear). This expression was fit to the running average
data, with the results of the fitting reported in Table 5.6 and 5.7 for BRB80 and BRB20
buffer conditions, respectively. The average parameter values as well as the global fits for all







Thus, we can estimate the rate constant k1 for both BRB80 and BRB20 buffers. From
the average of the fits, we find that k1 = 0.07 ± 0.03 nM−1 µm−1 s −1 for BRB80, and
k1 = 0.2±0.1 nM−1 µm−1 s −1 for BRB20. From the global fits, we find that k1 = 0.04±0.02
nM−1 µm−1 s −1 for BRB80, and k1 = 0.2± 0.1 nM−1 µm−1 s −1 for BRB20.
All tracks analyzed in this section were independently established, i.e. none of the tracks
were pre-established by a leading microtubule. Because no one model clearly resulted in
better fits than the others, we take the simplest model to be sufficient to explain the behavior
of the system.
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Time MT LMT (µm) Lfit (µm) A
0 min 1 6.88 6.88 560 ± 40
0 min 2 13.28 13.28 229 ± 11
0 min 3 3.36 3.36 320 ± 20
0 min 4 8.96 8.96 820 ± 40
0 min 5 9.28 4.00 890 ± 30
0 min 6 8.64 8.64 190 ± 40
0 min 7 22.24 22.24 90 ± 10
0 min 8 13.92 13.92 180 ± 10
0 min 9 5.92 5.92 620 ± 30
0 min 10 12.00 12.00 240 ± 20
0 min Average 10.4 ± 1.7 410 ± 290
0 min Global 10.4 ± 1.7 170 ± 10
30 min 1 11.36 11.36 210 ± 10
30 min 2 6.08 6.08 300 ± 10
30 min 3 5.92 5.92 290 ± 20
30 min 4 19.20 12.00 210 ± 10
30 min 5 22.56 22.56 220 ± 10
30 min 6 22.72 22.72 220 ± 10
30 min 7 13.44 4.00 460 ± 50
30 min 8 5.28 5.28 580 ± 30
30 min 9 11.68 4.00 590 ± 60
30 min 10 8.80 ± 4.80 400 ± 30
30 min Average 13 ± 2 350 ± 10
30 min Global 13 ± 2 220 ± 3
Table 5.6: Fit parameters for kinesin track intensities along the microtubule for Model 3 at
0.5 nM kinesin in BRB80 buffer. Note that some data sets were truncated for better fitting.
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Time MT LMT (µm) Lfit (µm) A
0 min 1 5.76 3.08 880 ± 40
0 min 2 8.16 8.16 430 ± 10
0 min 3 8.96 8.96 320 ± 10
0 min 4 14.24 4.00 430 ± 10
0 min 5 11.20 8.00 340 ± 10
0 min 6 7.52 7.52 220 ± 10
0 min 7 6.88 6.88 220 ± 10
0 min Average 9.0 ± 0.9 410 ± 10
0 min Global 9.0 ± 0.9 320 ± 10
30 min 1 4.16 4.16 370 ± 30
30 min 2 2.88 2.88 520 ± 70
30 min 3 7.20 7.20 110 ± 10
30 min 4 6.72 6.72 260 ± 10
30 min 5 3.36 3.36 210 ± 20
30 min 6 14.88 5.12 240 ± 10
30 min 7 23.36 7.36 170 ± 10
30 min 8 3.04 3.04 241 ± 3
30 min 9 3.20 3.20 300 ± 30
30 min 10 5.76 5.76 240 ± 10
30 min 11 3.68 3.68 540 ± 10
30 min Average 7 ± 2 290 ± 10
30 min Global 7 ± 2 200 ± 10
Table 5.7: Fit parameters for kinesin track intensities along the microtubule for Model 3 at
0.25 nM kinesin in BRB20 buffer. Note that some data sets were truncated for better fitting.
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Cross-section Channel σ (µm) A
1 488 — —
1 647 0.37 ± 0.01 83 ± 2
2 488 — —
2 647 0.35 ± 0.01 222 ± 5
3 488 — —
3 647 0.36 ± 0.01 185 ± 4
4 488 0.40 ± 0.05 1300 ± 100
4 647 0.36 ± 0.01 187 ± 4
5 488 0.15 ± 0.05 900 ± 200
5 647 0.36 ± 0.01 215 ± 5
6 488 0.31 ± 0.03 1700 ± 100
6 647 0.36 ± 0.01 192 ± 3
7 488 0.31 ± 0.04 4000 ± 400
7 647 0.35 ± 0.01 168 ± 4
8 488 0.40 ± 0.03 4400 ± 200
8 647 0.36 ± 0.01 167 ± 4
9 488 0.49 ± 0.04 4600 ± 200
9 647 0.35 ± 0.01 222 ± 5
10 488 0.44 ± 0.01 5400 ± 100
10 647 0.35 ± 0.01 190 ± 4
11 488 0.27 ± 0.03 4400 ± 500
11 647 0.41 ± 0.02 25 ± 1
Table 5.8: Gaussian fits of cross-sections of the first microtubule in BRB80 buffer at t = 0
min in 0.5 nM kinesin. σ is the standard deviation, and A is the height of the Gaussian.
5.5.2 Kinesin signal across the microtubule
The cross-sectional intensities over three microtubules and their trails for each buffer condi-
tion at t = 0 min were extracted and fit to Gaussians. The distances in between cross-sections
were approximately the distance that the microtubule would have covered over 10 s.
The widths of the Gaussian fits (σ) to the intensities of the 488 channel remained rela-
tively constant over the length of the microtubule, and were compared to the widths of the
fits to the intensities of the 647 channel (Tables 5.8—5.13).
In BRB80 buffer, < σ488 >, the σ488 averaged over all line scans, was found to be 0.383
± 0.014 µm while < σ647 > was 0.364 ± 0.004 µm. In BRB20 buffer, < σ488 > was found
to be 0.355 ± 0.007 µm while < σ647 > was 0.357 ± 0.003 µm. This means that the kinesin
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Cross-section Channel σ (µm) A
1 488 0.36 ± 0.04 2100 ± 200
1 647 0.48 ± 0.01 31 ± 1
2 488 0.63 ± 0.05 1900 ± 100
2 647 0.36 ± 0.01 197 ± 2
3 488 0.50 ± 0.05 2100 ± 100
3 647 0.364 ± 0.005 190 ± 2
4 488 0.33 ± 0.03 3100 ± 200
4 647 0.364 ± 0.004 187 ± 2
5 488 0.55 ± 0.06 3000 ± 300
5 647 0.36 ± 0.01 193 ± 2
6 488 0.37 ± 0.04 1700 ± 100
6 647 0.35 ± 0.01 204 ± 4
7 488 0.45 ± 0.03 4300 ± 300
7 647 0.34 ± 0.02 186 ± 7
8 488 0.35 ± 0.02 4700 ± 200
8 647 0.35 ± 0.01 198 ± 3
9 488 0.36 ± 0.03 2900 ± 200
9 647 0.35 ± 0.01 202 ± 3
Table 5.9: Gaussian fits of cross-sections of the second microtubule in BRB80 buffer at t =
0 min in 0.5 nM kinesin. σ is the standard deviation, and A is the height of the Gaussian.
motors likely do not reach very far over to attach to the microtubule, which is expected given
that the coiled region is truncated. The intensities of the GFP channel tend to increase over
the length of the microtubule (Fig. 5.39). This is as expected since, as the microtubule is
propelled forward, the trailing end of the microtubule is recruiting kinesin motors to areas
where a trail has already been established.
5.5.3 Kinesin signal across the trail
Eleven intensity cross-sectional profiles in the 488 channel over the length of the trails were
recorded, with the distance between each cross-section equivalent to the average distance
the microtubule travels over a 10 s period (Tables 5.14—5.15).
The profiles are fitted to a Gaussian. The area beneath the Gaussian decreases over
time, as expected, since the kinesin motors will detach from the surface and rejoin the
solution. The width of the Gaussian also increases slightly over time (Fig. 5.40). This is not
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Cross-section Channel σ (µm) A
1 488 — —
1 647 0.39 ± 0.01 61 ± 1
2 488 0.38 ± 0.09 600 ± 100
2 647 0.38 ± 0.01 116 ± 3
3 488 0.25 ± 0.04 430 ± 50
3 647 0.38 ± 0.01 122 ± 3
4 488 0.30 ± 0.02 1400 ± 100
4 647 0.38 ± 0.01 120 ± 3
5 488 0.50 ± 0.02 1490 ± 40
5 647 0.38 ± 0.01 118 ± 2
6 488 0.35 ± 0.05 1200 ± 100
6 647 0.38 ± 0.01 102 ± 2
7 488 0.33 ± 0.02 1900 ± 100
7 647 0.38 ± 0.01 117 ± 3
8 488 0.35 ± 0.02 4200 ± 200
8 647 0.37 ± 0.01 128 ± 3
9 488 0.38 ± 0.01 4200 ± 100
9 647 0.37 ± 0.01 132 ± 3
10 488 0.53 ± 0.03 5500 ± 300
10 647 0.38 ± 0.01 144 ± 3
11 488 0.31 ± 0.01 2700 ± 100
11 647 0.38 ± 0.01 144 ± 3
12 488 0.34 ± 0.02 4200 ± 200
12 647 0.38 ± 0.01 139 ± 3
13 488 0.30 ± 0.01 4300 ± 200
13 647 0.36 ± 0.01 152 ± 3
14 488 0.38 ± 0.02 3300 ± 100
14 647 0.42 ± 0.02 16 ± 1
Table 5.10: Gaussian fits of cross-sections of the third microtubule in BRB80 buffer at t =
0 min in 0.5 nM kinesin. σ is the standard deviation, and A is the height of the Gaussian.
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Cross-section Channel σ (µm) A
1 488 0.62 ± 0.02 860 ± 20
1 647 0.39 ± 0.01 52 ± 1
2 488 0.64 ± 0.04 1170 ± 40
2 647 0.36 ± 0.01 195 ± 3
3 488 0.44 ± 0.02 1900 ± 100
3 647 0.36 ± 0.01 157 ± 3
4 488 0.33 ± 0.02 1700 ± 100
4 647 0.39 ± 0.05 7 ± 1
Table 5.11: Gaussian fits of cross-sections of the first microtubule in BRB20 buffer at t = 0
min in 0.25 nM kinesin. σ is the standard deviation, and A is the height of the Gaussian.
Cross-section Channel σ (µm) A
1 488 — —
1 647 0.34 ± 0.02 177 ± 6
2 488 0.34 ± 0.02 1300 ± 50
2 647 0.34 ± 0.01 459 ± 9
3 488 0.31 ± 0.02 2400 ± 100
3 647 0.34 ± 0.01 497 ± 10
4 488 0.30 ± 0.02 2900 ± 200
4 647 0.35 ± 0.01 481 ± 9
5 488 0.31 ± 0.02 2900 ± 100
5 647 0.35 ± 0.01 526 ± 11
6 488 0.40 ± 0.02 4400 ± 100
6 647 0.35 ± 0.01 440 ± 9
7 488 0.40 ± 0.01 7000 ± 100
7 647 0.38 ± 0.01 84 ± 2
Table 5.12: Gaussian fits of cross-sections of the second microtubule in BRB20 buffer at t =
0 min in 0.25 nM kinesin. σ is the standard deviation, and A is the height of the Gaussian.
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Cross-section Channel σ (µm) A
1 488 — —
1 647 0.38 ± 0.02 104 ± 4
2 488 0.43 ± 0.02 880 ± 30
2 647 0.37 ± 0.01 195 ± 5
3 488 0.34 ± 0.03 1700 ± 100
3 647 0.38 ± 0.01 206 ± 6
4 488 0.33 ± 0.03 1700 ± 100
4 647 0.37 ± 0.01 238 ± 7
5 488 0.35 ± 0.01 2700 ± 100
5 647 0.36 ± 0.01 221 ± 6
6 488 0.33 ± 0.01 2800 ± 100
6 647 0.46 ± 0.02 27 ± 1
Table 5.13: Gaussian fits of cross-sections of the third microtubule in BRB20 buffer at t =
0 min in 0.25 nM kinesin. σ is the standard deviation, and A is the height of the Gaussian.
Figure 5.39: For each microtubule, the intensity over the cross-sections for both the 488 nm
and 647 nm channels were recorded. The distance between each cross-section measurement
was equivalent to the average distance traveled per 10 s. For clarity, every other cross-section
was omitted in the graphs above.
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Figure 5.40: For each trail, the intensity over the cross-sections for the 488 channel was
recorded. The distance between each cross-section measurement was equivalent to the aver-
age distance traveled per 10 s. For clarity, only every third cross-section was included in the
graphs above.
surprising because kinesin motors which detach from the trail also has a chance of diffusing
before rebinding to the surface.
A “diffusion” constant can be found by fitting a line to the width of the Gaussians over
time (assuming that 10 s separates each profile). For BRB80, D ≈ 800 nm2 s−1, and for
BRB20, D ≈ 100 nm2 s−1.
5.5.4 Maximum sustainable velocity
To verify that our modeling was correct, using the rate constants estimated by fitting to
the kinesin traces, we estimated the maximum velocity for each concentration of kinesin.
Then, for each concentration of kinesin, the concentration of ATP is varied, which in turn
changes the gliding speed of the microtubules (Fig. 5.31). The flow cell is observed for the
maximum time that motility is supported, after which, all microtubules detach from the
surface regardless of whether or not they have kinesin motors still attached to them. For a
kinesin concentration of 5 nM, this occurs after over 10 hours; for a kinesin concentration
of 0.5 nM, this occurs after 4 hours; and for a kinesin concentration of 0.05 nM, this occurs
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MT Cross-section σ (µm) A
1 1 0.17 ± 0.03 8300 ± 1100
2 0.22 ± 0.02 7200 ± 600
3 0.33 ± 0.05 4700 ± 600
4 0.26 ± 0.03 6400 ± 500
5 0.30 ± 0.03 4600 ± 400
6 0.45 ± 0.06 4100 ± 400
7 0.47 ± 0.03 6400 ± 300
8 0.44 ± 0.03 4900 ± 400
9 0.52 ± 0.06 3400 ± 300
10 0.37 ± 0.03 7100 ± 400
11 0.41 ± 0.07 2800 ± 400
2 1 0.23 ± 0.03 6000 ± 600
2 0.24 ± 0.02 6900 ± 500
3 0.28 ± 0.03 4200 ± 400
4 0.42 ± 0.03 5400 ± 300
5 0.31 ± 0.03 3500 ± 200
6 0.41 ± 0.05 4300 ± 400
7 0.36 ± 0.04 4200 ± 400
8 0.45 ± 0.05 3300 ± 300
9 0.67 ± 0.10 3100 ± 300
10 0.39 ± 0.04 3300 ± 300
11 0.74 ± 0.11 3400 ± 300
3 1 0.17 ± 0.01 6800 ± 300
2 0.18 ± 0.04 2400 ± 500
3 0.25 ± 0.02 4800 ± 300
4 0.23 ± 0.03 5200 ± 500
5 0.30 ± 0.02 4800 ± 300
6 0.32 ± 0.02 4200 ± 200
7 0.43 ± 0.06 2600 ± 300
8 0.38 ± 0.05 4100 ± 400
9 0.38 ± 0.03 3900 ± 300
10 0.47 ± 0.08 2600 ± 300
11 0.66 ± 0.11 3300 ± 400
Table 5.14: Gaussian fits of cross-sections of three microtubules in BRB80 buffer at t = 0
min in 0.5 nM kinesin. σ is the standard deviation, and A is the height of the Gaussian.
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MT Cross-section σ (µm) A
1 1 0.22 ± 0.03 1900 ± 200
2 0.26 ± 0.03 1500 ± 100
3 0.22 ± 0.03 900 ± 100
4 0.24 ± 0.05 900 ± 200
5 1.55 ± 0.87 1000 ± 700
6 0.45 ± 0.05 900 ± 100
7 0.31 ± 0.04 800 ± 100
8 0.21 ± 0.03 1000 ± 100
9 0.40 ± 0.07 800 ± 100
10 0.31 ± 0.03 1200 ± 100
11 0.53 ± 0.11 700 ± 100
2 1 0.23 ± 0.01 7300 ± 300
2 0.22 ± 0.02 6000 ± 400
3 0.18 ± 0.01 5300 ± 300
4 0.21 ± 0.01 4100 ± 200
5 0.21 ± 0.01 3400 ± 200
6 0.23 ± 0.01 2800 ± 100
7 0.23 ± 0.02 2300 ± 200
8 0.22 ± 0.01 3100 ± 100
9 0.33 ± 0.05 1400 ± 200
10 0.22 ± 0.03 1600 ± 200
11 0.26 ± 0.02 1900 ± 100
3 1 0.19 ± 0.01 5000 ± 200
2 0.20 ± 0.01 3700 ± 100
3 0.19 ± 0.01 3700 ± 200
4 0.19 ± 0.01 2300 ± 100
5 0.21 ± 0.01 2100 ± 100
6 0.21 ± 0.02 2400 ± 160
7 0.14 ± 0.04 800 ± 200
8 0.28 ± 0.02 1700 ± 100
9 0.17 ± 0.02 1900 ± 200
10 0.31 ± 0.04 1300 ± 100
11 0.26 ± 0.04 1600 ± 200
Table 5.15: Gaussian fits of cross-sections of three microtubules in BRB20 buffer at t = 0
min in 0.25 nM kinesin. σ is the standard deviation, and A is the height of the Gaussian.
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Figure 5.41: As predicted by the model (red line), the maximum allowable velocity for
microtubules 10 µm in length increases as kinesin concentration in the solution increases.
At a kinesin concentration of about 4 nM, the maximum allowable velocity higher than the
maximal gliding velocity observed in an in vitro motility assay (∼800 nm/s, black dotted
line), and having a higher concentration of kinesin in solution will not result in higher
velocities.
after 1 hour. The observed gliding speeds a which are supported for the longest time and
the theoretical maximum gliding speed are compared (Fig. 5.41).
5.6 Discussion
Engineering systems from short-lived components is an interesting challenge in that it re-
quires a balance between stability for function and dynamism for component replacement.
The dynamic nature of these systems open up the possibility for the system to adapt and
change according to perturbations. Our own experiments show, for example, that by having
the microtubules lay down the motor proteins, they can influence the motion of other micro-
tubules by making it more likely that microtubules will traverse the same trail. If a higher
density of microtubules is used, it is may be possible for a stable network of kinesin trails,
which continually get reinforced due to the addition of more kinesin-bearing microtubules,
to emerge. If, for some reason, experimental conditions are manipulated such that a trail
becomes more “useful,” and microtubules preferentially follow a particular path, then the
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trails which are used more will continue to get reinforced while trails which are used less are
more likely to be erased. In this way, the system may be able to “learn” or adapt to best
allocate its resources, which is a direct result of the surface being able to record, temporarily
store, and erase memory.
The dynamic system also shows evidence for healing. By taking the mean projection
of the 647 nm (microtubule) channel over the time-lapse movies of both a dynamically
assembling kinesin track assay (Pluronic-Ni-NTA surface) and a traditional gliding assay
(antibody-coated surface), we see that surface defects seem to affect the microtubule tra-
jectories far less in the dynamically assembling assay (Fig. 5.42). This is shown by the
punctate appearance of the fluorescence signal on the antibody surface, indicating that small
microtubule fragments had been broken off and were being held in place. Furthermore, one
trajectory on the antibody-coated surface displays an above-average trajectory curvature, in-
dicating that a pinning event has occurred. There is no evidence of a pinning event occurring
on the Pluronic-Ni-NTA surface. It is likely that defective motors which bind strongly to the
microtubules are more frequently successfully removed from the surface as the microtubule
is propelled by the other motors since the interaction between the kinesin motor and the
surface is weak. Thus, if the motors are somehow damaged in a region, over time, it may be
possible to show that motility in that region can be restored.
Our experimental system also shows evidence of adaptation to loading. Another assay
was run in which adenylyl-imidodiphosphate (AMP-PNP), a non-hydrolyzable analog of
ATP, was included in the solution along with ATP. The procedure is described as follows.
A flow cell was coated with Pluronic-NTA, and a solution of 50 mM NiSO4 was introduced
to the flow cell and incubated for 5 minutes. The solution was washed out three times with
BRB80 buffer. Following that, a solution of 0.05 nM kinesin, microtubules, casein, antifade
solution, and 1 mM AMP-PNP in BRB80 was introduced into the flow cell. After allowing
the microtubules to land for 10 minutes, the solution is exchanged for a solution of 0.05 nM
kinesin, casein, 0.1 mM ATP, an ATP regenerating system, and antifade.
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Figure 5.42: The mean intensity for each pixel over 400 images in the 647 nm channel was
taken, and the resulting images are displayed above. Both experiments were run with the
same kinesin concentration (0.25 nM) in BRB20. The left image is the projection for a flow
cell prepared with Pluronic-Ni-NTA coated surfaces; the right image is for a flow cell with
anti-pentaHis antibody coated surfaces. Time between images is 10 s.
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Figure 5.43: A flow cell including AMP-PNP shows that adaptation to loading is possible.
A microtubule is pinned at one end (white arrow) before it collects enough kinesin from
solution to land and move. It then gets stuck in place before it collects more kinesin and is
able to overcome the pinning event and continue to move. Trajectories of the microtubules
are more curved than in assays without AMP-PNP.
Some AMP-PNP still remains in the flow cell, even after the solution containing it has
been exchanged out. If a kinesin binds to a microtubule with AMP-PNP rather than with
ATP, the kinesin will not be able to move along the microtubule. This provides a pinning
force, which results in more curved trajectories (Fig. 5.43). Furthermore, it also creates a
backwards force on the microtubule, which slows the microtubule down. This allows the
microtubule more time to collect kinesin from the solution and bring them to the local
surface, which may increase the forward force on the microtubule to overcome the pinning.
Evidence for this is seen in that slower moving microtubules tend to be brighter than faster
ones. Furthermore, when a microtubule is pinned in place, the fluorescence intensity on the
kinesin channel is seen to rise before the microtubule moves once again (Fig. 5.43, 5.44).
The exchange of AMP-PNP to ATP and vice versa of the kinesin motors in this assay
causes the microtubule velocity to vary highly compared to the other assays without AMP-
PNP.
More direct evidence of loading and kinesin fluorescence intensity is needed to be able
to conclusively show that adaptation actually does occur. However, the above shows that it
may be possible.
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Figure 5.44: The distance traveled by the microtubule (black squares) indicated by the white
arrow in Supplementary Figure 8.1 was measured over time as well as the average intensity
of the kinesin channel over the microtubule (blue circles). The intensity peaks prior to the
microtubule moving, indicating a build-up of kinesin, which in turn can provide more force
to overcome the pinning event.
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5.7 Conclusion
Here, a system in which a molecular shuttle constructs its own tracks as it moves along was
designed and experimentally realized. Rather than using or creating the strongest possible
bonds between components, by tailoring the system to have relatively weak bonds with high
off-rates, it is possible for the system to recruit and recycle components as needed, allowing
for a more efficient use of building blocks, and opening up the possibility for self-healing and
adaptation similar to what is seen in biological systems. Furthermore, the components of our
experimental system are able to change the surface memory state and affect the evolution
of the system. Because the molecular shuttles reinforce the kinesin trails, in the presence
of environmental cues, network structures or even intelligent behavior may emerge. To our
knowledge, this is the first time a molecular scale system has been designed to balance
recruitment of building blocks with release of unnecessary components, and paves the way





The four projects described in this dissertation use the microtubule-kinesin gliding assay as
a model system for studying various types of interactions which determine the outcome of
assembly in dynamic nanoscale systems.
We show that it is possible to predict the increase in activation energy of streptavidin
adsorption onto biotinylated microtubules with a basic knowledge of the binding site ge-
ometry. The increase in activation energy is a result of neighboring streptavidin molecules
occluding the space in which the adsorbing molecule can attach to the binding site, thus
decreasing the number of microstates available to the adsorbing streptavidin molecule for
the transition state of the adsorption step. Thus, we demonstrate the importance of the
binding site geometry in adsorption kinetics.
We find that the structures formed by diffusing microtubules cross-linked by streptavidin
are more disordered and smaller than the structures formed by motor-driven microtubules.
By pre-treating the surfaces of the experimental cell with casein, thus preventing the micro-
tubules from sticking to the surface, and confining the motion of the microtubules to a plane,
it was possible to run a control experiment directly comparing the results of diffusion-driven
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assembly with motor-driven assembly for the first time, in spite of the gliding assay being
used for self-assembly studies for over a decade. It was shown that the mode of transport not
only speeds up the aggregation process of larger building blocks, but also plays an important
role in how the building blocks are joined together.
In the third project, we show that surface defects play a large role in microtubule spool
initiation, and that kinesin motors provide the force to curve the microtubule into a spool.
This contributes to the debate on microtubule spool initiation which has been ongoing ever
since the first spools were formed, and also joins the body of literature which aims to control
various features of microtubule spools such as size distribution, ring width, and density.
Finally, we design and experimentally realize a system where a microtubule can gather
kinesin motors near the surface to create its own kinesin track as it moves along the surface.
The realization of this system is tied to the weak binding of the kinesin motors to the surface.
We demonstrate that the weak binding allows the microtubule to “write” its trajectory
history temporarily onto the surface, which then influences the future trajectories of other
microtubules, increasing the likelihood that another microtubule will to follow its path,
creating a molecular “ant trail”. Because the system has a memory of where the microtubule
has been that can be altered and rewritten, this allows for the possibility of system learning.
Furthermore, we show that dynamic recruitment of components may allow for adaptation
and tolerance of defective components within the system. The concept of creating systems
which rely on weak rather than strong bonds is emphasized as a general design strategy for
creating biomimetic materials and behaviors.
6.2 Future directions
Adsorption is a major step in molecular assembly by which components reach and bind to the
construct, and understanding the effects of binding site geometry on adsorbing molecules on
the adsorption kinetics is especially important in non-equilibrium systems, where the adsorp-
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tion process may be in the kinetic phase. From knowledge of the binding site geometries, it
is possible to better predict the adsorption curves of molecules to intricate geometries, which
in turn can lead to better design of building blocks for molecular assembly.
Transport of molecules is also important to consider in dynamic assembly. We have
shown that certain modes of transport result in different structures being formed by the
same building blocks. Further studies on other modes of transport may reveal a larger
variety of structures. For example, studying assembly in the presence of convective flows
or from motility supported on lipid bilayers may result in different structures being formed,
thus increasing the variety of self-assembled structures. Furthermore, the results from these
further studies may be generalized to other systems.
A number of experiments have been performed which elucidate the effects of a number of
factors on spool size. The control is still not very precise — often the resulting spools from
various experimental conditions still have a broad distribution of sizes. Furthermore, it is
still not clear whether spools are useful structures to form for nanotechnological applications.
Because spools transform the linear motion of the motors into rotational motion, there may
be applications for them in nanotechnology; for example, functionalizing spools with other
nanoparticles may lead to useful properties which can be exploited.
The last experimental system has many interesting potential follow-up studies. Because
of the dynamic nature of the kinesin trail, the system may be capable of many bio-like
behaviors, which have already been suggested by the project. The first of the suggested
behaviors is the creation of emergent stability from the inherently unstable design. It has
already been observed that microtubules will often follow one another or merge onto the
same trail. It would be interesting to see if it is possible to have a kinesin trail continually
reinforced, possibly by using a much higher density of microtubules. At high densities,
microtubules may necessarily have to follow closely behind other microtubules, and either
due to chance or some externally applied field, it may be possible to create a stable trail
network. It would be especially interesting if this dynamic system were able to solve a maze,
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for example, and the first instance in which it is solved leads to more efficient solving by
subsequent microtubules. This may lead to molecular-scale collective intelligence.
The second suggested behavior is the ability to tolerate or expel defective motors. It was
shown that defects seem to have a smaller effect on the dynamic gliding assay. In future
experiments, it may be possible to have the microtubules travel in a microfabricated ring,
and then damage the kinesin motors in a section of the ring by exposing it to ultraviolet
light. Then the amount of time it takes for motility to be resumed in that section could be
measured.
The third suggested behavior is the ability to adapt to load. Time-lapse images from
assays run with AMP-PNP already suggest that backward-loading of the microtubules will
slow them down, which in turns allows the microtubule to collect more kinesin to a certain
location. The kinesin motors in turn will provide a forward force on the microtubule which
can overcome the load. These results were not conclusive evidence that such adaptation
occurred. It is possible that the AMP-PNP bound kinesin motor simply detached from either
the microtubule or surface over time, and that even if no extra kinesin were collected by the
microtubule, the microtubule would have continued moving forward. Further experiments
done with either magnetic or optical tweezers providing the backward force would allow the
result to be verified, as well as provide a more quantitative assessment of the load-adaptation
response of the system.
6.3 Outlook
The work presented in this dissertation has contributed to a more detailed understanding of
the assembly of kinesin-propelled microtubules in gliding motility assays, which have been of
interest to many groups for over the past decade as a convenient model system for studying
active self-assembly. In the first project, a simple quantitative approach for determining
the steric contributions to reaction kinetics was developed. The second project definitively
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showed that there is a regime in which active self-assembly is more effective than diffusion-
driven traditional self-assembly. The third project demonstrated that defects could seed
structure formation in active self-assembly, and further emphasizes the importance of the
transport mechanism, and not just the building blocks, in determining the structures formed.
Finally, the fourth project shows that reversible and weak bonds can result in sustainable
system behaviors and structures, and may lead to emergent behaviors such as learning,
adaptation, and healing. This work contributes to a greater understanding of assembly in
non-equilibrium, dynamic systems in general.
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